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FOREWORD 


-The  Eighth  Symposium- 

Enclosed  herein  are  the  Proceedings  of  the  Eighth  U.S.  Army  Symposium  on  Gim 
Dynamics  held  at  Newport,  Rhode  Island,  14-16  May  1996.  These  proceedings  contain 
twenty-nine  papers  presented  by  authors  from  the  military,  academia,  and  industry.  Papers 
from  France,  Germany,  the  U.K.,  and  the  U.S.  are  included.  The  topics  include  gun  accuracy, 
projectile  motion  both  inside  and  outside  the  barrel,  vibrations,  heating,  bore  erosion,  testmg, 
instrumentation,  modeling  &  simulation,  control  theory  and  applications,  and  mathematical 
methods. 

Past  symposia  have  been  sponsored  by  a  single  government  laboratory  or  organization 
or  as  a  collaborative  effort  of  such  units.  This  symposium  was  sponsored  by  Arrow  Tech 
Associates,  Inc.  of  South  Burlington,  Vermont  with  joint  endorsement  by  the  US  Army 
Armaments  Research,  Development,  and  Engineering  Center  (ARDEC),  the  US  Army 
Research  Laboratory  (ARL),  and  the  US  Army  Research  Office  (ARO).  By  agreemOTt  the 
collection,  selection,  and  publishing  of  the  papers  has  been  done  by  Benet  Laboratories,  U.S. 
Army  ARDEC,  Watervliet,  NY. 

The  symposium  announcement  and  resultant  selection  of  papers  reflects  a  continued 
effort  to  broaden  the  scope  of  topics  yet  still  retain  the  connection  to  gun  systems.  Thought 
was  given  to  changing  the  name  to  reflect  this  expansion  but  recognition  has  been  developed 
over  the  twenty  years  of  these  meetings  so  the  name  U.S.  Army  Symposium  on  Gun 
Dynamics'  still  stands. 

I  wish  to  thank  everyone  who  contributed  to  the  success  of  this  eighth  symposium, 
whether  by  contribution  of  a  paper,  chairing  a  session,  or  just  by  attending.  Special  thanks  to 
Dr.  Tom  Simkins,  who  worked  so  hard  to  champion  these  meetings  while  at  Benet 
Laboratories  and  who  has  done  so  once  agmn.  This  collection  of  the  presented  papers  is  a 
statement  of  the  continued  interest  and  effort  of  these  people. 


Bert  Pflegl,  Editor 

Eighth  U.S.  Army  Symposium  on  Gun  Dynamics 
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ABSTRACT: 

The  modelling  of  barrel  and  shot  motion  during  firing  is  now  an  accepted  part  of  gun  design 
procedure.  Most  simulations  include  some  form  of  barrel  mounting  which  range  fi-om  simple 
linear  spring  bearings,  to  complex  flexible  cradles  which  include  non-linear  sliding  bearings  and 
clearance.  These  models  are  usually  perfectly  acceptable  with  single  shot  simulations.  They 
will  even  give  useable  results  with  repeat  fire  cases  where  the  mounting  of  the  ‘cradle’  is 
unlikely  to  move  during  the  firing  sequence.  However,  larger  guns  are  being  mounted  on 
lighter  vehicles,  and  also  there  is  an  increasing  requirement  for  small  cannons  with  high 
accuracy  during  a  repeat  fire  sequence.  In  these  cases  it  is  becoming  increasingly  evident  that 
the  motion  of  the  vehicle  is  a  significant  factor  in  the  accuracy  of  such  weapons. 

The  paper  describes  the  introduction  of  a  vehicle  model  into  an  existing  gun  dynamics 
simulation  package.  The  full  simulation  included  the  flexible  barrel,  a  rigid  spinning  shot  or  a 
flexible  non-spinning  shot,  a  flexible  cradle  with  three  bearings  all  with  clearance,  the  elevation 
mechanism,  and  a  four  wheeled  vehicle.  The  suspension,  wheels  and  tyre  characteristics  were 
included. 

The  simulation  was  able  to  show  how,  during  a  repeat  fire  case,  the  motion  of  the  vehicle  had  a 
significant  effect  on  the  accuracy  of  the  weapon.  Certain  parameters,  particularly  the  damping 
characteristics  of  the  system,  were  shown  to  be  important.  It  was  also  demonstrated  how  a 
modification  to  the  firing  rate  could  improve  the  consistency  of  the  system. 
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INTRODUCTION 

The  modelling  of  barrel  and  shot  motion  during  firing  is  now  an  accepted  part  of  gun  design 
procedure  [1-7].  Analysis  has  been  carried  out  on  guns  with  bore  azes  ran^g  fi-om  12.5mm  to 
155mm,  and  in  some  cases  it  is  known  that  the  models  have  been  used  on  a  bore  size  as  sm^l 
as  6mm.  Most  simulations  include  some  form  of  barrel  mounting  which  i^ge  fi-otn  simple 
linear  spring  bearings,  to  complex  flexible  cradles  which  include  non-linear  sliding  bearings  and 
clearance  [8,9,10,1 1]. 

These  models  are  usually  perfectly  acceptable  with  single  shot  simulations.  They  will  even  ^ve 
useable  results  with  repeat  fire  cases  where  the  mounting  of  the  ‘cra^e’  is  unlikely  to  move 
significantly  during  the  firing  sequence.  However,  larger  guns  are  being  mounted  on  lighter 
vehicles,  and  also  there  is  an  increasing  requirement  for  small  cannons  wth  high  accinacy 
during  a  repeat  fire  sequence.  In  these  cases  it  is  becoming  evident  that  the  motion  of  the 
vehicle  is  a  significant  factor  in  the  accuracy  of  such  weapons. 

Before  the  study  of  gun  dynamics,  it  may  have  been  considered  acceptable  to  investigate  the 
motion  of  the  vehicle  in  isolation  of  the  barrel  flexing  or  the  consequent  motion  of  the  shot  in 
bore  In  this  case,  the  new  angular  position  of  the  vehicle  at  each  round  would  have  been  used 
to  give  an  indication  of  the  dispersion  of  the  shots.  Visual  observation  of  some  of  the  thinner 
more  flexible  barrels  shows  that  this  is  an  unrealistic  way  to  proceed.  Any  modelling  must 
include  not  only  the  motion  of  the  vehicle,  but  also  the  complete  dynamics  of  the  barrel,  its 
mounting  and  the  shot. 

The  gun  dynamics  simulation  program  SIMBAD  allows  for  sub-models  to  be  built  around  the 
main  gun  dynamics  model.  It  is  even  possible  to  use  the  pro^^  to  build  wmplete  models 
independent  of  the  gun  dynamics  simulation,  and  although  this  is  unlikely,  it  allows  for  the 
testing  of  any  sub-models  in  isolation.  SIMBAD  was  therefore  used  to  study  the  finng  of  a 
40mm  cannon  mounted  in  a  four  wheeled  vehicle. 

The  aim  of  the  study  was  to  predict  the  dispersion  of  a  series  shots  fired  in  a  burst  sequence  at 
different  elevations,  and  determine  how  much  of  the  dispersion  was  caused  by  vehicle  motion. 
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It  was  also  required  to  determine  if  the  firing  rate  could  be  modified  to  reduce  the  dispersion. 
A  secondary  aim  was  to  use  the  model  to  study  the  effect  of  ground  inputs  on  barrel  motion,  so 
that  firing  on  the  move  could  be  simulated.  The  model  was  therefore  prepared  with  this  aim, 
but  firing  on  the  move  is  not  discussed  in  this  paper. 


THE  GUN  MODEL 

The  gun  model  used  standard  SIMBAD  file  input  [12].  The  barrel  was  2.8m.  long,  with  a 
40mm  bore.  It  was  supported  in  a  flexible  cradle  at  three  bearing  points.  The  rear  bearing 
point  on  the  barrel  (the  point  through  which  the  resulting  bearing  force  acts)  mov^  as  the  gun 
recoiled.  The  centre  and  front  bearing  points  were  fixed  on  the  barrel,  but  moved  in  the  cradle. 
The  front  bearing  point  was  well  forward  along  the  barrel,  2m  from  the  breech  face.  There  was 
clearance  in  each  bearing. 

The  cradle  was  relatively  rigid,  but  by  using  the  flexible  cradle  model,  it  enabled  the  trunnion 
and  elevation  gear  forces  to  be  positioned  correctly  in  the  vehicle.  Also  by  setting  the  trunnion 
as  either  fixed  or  free,  it  made  it  relatively  easy  to  exclude  or  include  the  vehicle  model. 


The  buffer  characteristics  were  simulated  using  measured  data,  and  entered  in  a  fonction  data 
file.  The  recuperator  was  a  large  coiled  spring,  and  the  spring  constant  was  used  directly. 

The  shot  was  a  ri^d  spinning  shot,  although  a  non-spinning  flejdble  saboted  shot  was  used  in 
later  investigations  [13,14]. 


THE  VEHICLE  MODEL 

The  gun  was  supported  on  a  four  wheeled  vehicle  which  was  initially  modelled  in  a  2D  plane  as 
shown  in  Figure  1 .  It  represents  the  vehicle  in  pitch  and  bounce.  A  full  3D  model  has  been 
produced  which  also  allows  for  roll,  and  therefore  can  simulate  the  gun  firing  over  the  side  of 
the  vehicle,  but  this  paper  concentrates  on  the  results  from  the  2D  model. 

It  will  be  noted  that  the  vehicle  is  defined  by  its  own  set  of  axes,  x  and  y,  the  origin  of  which  is 
at  the  centre  of  gravity,  and  rotation  is  defined  by  0  (the  pitch  of  the  vehicle).  In  this  case 
positive  X  is  forward  from  the  centre  of  gravity,  positive  y  is  vertically  upw^ds  from  the  centre 
of  gravity,  and  positive  pitch  is  such  that  the  front  of  the  vehicle  rises  relative  to  the  rear.  The 
gun  may  be  in  elevation,  hence  the  trunnion  and  elevation  gear  forces  have  been  resolved  into 
the  X  and  y  directions. 

The  suspension  was  considered  to  have  linear  spring  stiffiiesses  and  damping,  with  separate 
bump  and  rebound  rates.  Suspension  travel  was  assumed  to  be  relatively  sm^  so  that  bump 
stops  were  not  included.  Each  wheel  was  represented  as  a  lumped  mass  with  a  linear  tyre 
stiffness.  Later  simulations  did  show  that  suspension  movement  was  very  small,  and  therefore 
the  use  of  linear  parameters  was  considered  valid. 
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Figure  1 .  2D  representation  of  a  four  wheeled  vehicle 
We  define  the  physical  constants  as; 

Mb  the  mass  of  the  body 

Ib  the  moment  of  inertia  of  the  body  about  the  centre  of  gravity 

M„  the  mass  of  the  rear  wheel 

Mwf  the  mass  of  the  front  wheel 

Kr  the  rear  suspension  stifi&iess 

Kf  the  fi'ont  suspension  stffiiess 

Cj  the  rear  damping  coefficient  (different  for  bump  and  rebound) 

Cf  the  fi'ont  damping  coefficient  (different  for  bump  and  rebound) 
Kb^  the  rear  tyre  stiflfeess 

the  fi'ont  tyre  stiffiiess 

Xj  the  X  coordinate  of  the  rear  wheel  (Note,  this  will  be  negative) 

Xf  the  X  coordinate  of  the  fi'ont  wheel 

X,  the  X  coordinate  of  the  trunnion 

Y,  the  y  coordinate  of  the  trunnion 

X«  the  X  coordinate  of  the  elevation  gear 

Ye  the  y  coordinate  of  the  elevation  gear 

and  the  variables  as: 

Xb  the  horizontal  body  displacement  at  the  centre  of  gravity 

yb  the  vertical  body  displacement  at  the  centre  of  gravity 

6  the  angular  deflection  of  the  body  (pitch) 

yy,j  the  rear  wheel  vertical  displacement 
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y«f  the  front  wheel  vertical  displacement 

F«  the  trunnion  force  in  the  x  direction 

F,y  the  trunnion  force  in  the  y  direction 

Fex  the  elevation  gear  force  in  the  x  direction 

F^  the  elevation  gear  force  in  the  y  direction 

F,  the  spring  and  damper  force  from  the  rear  wheel 

Ff  the  spring  and  damper  force  from  the  front  wheel 

F,yr  the  rear  tyre  force 

F,yf  the  front  tyre  force 

Note  that  it  is  assumed  that  the  trunnion  force  and  the  elevation  gear  force  are  defined  as 
positive  when  acting  on  the  cradle.  The  reactions  on  the  vehicle  are  therefore  equal  and 
opposite  as  shown  in  Figure  1 .  It  is  also  assumed  that  rotations  are  small,  and  for  this  case  the 
vehicle  does  not  move  in  the  x  direction,  hence  although  included  in  the  calculations  for  the 
forces,  Xb  =  0. 

The  notation  yb  and  yb’  will  be  used  to  indicate  the  first  and  second  differential  of  yb  wth 
respect  to  time,  ie  the  vertical  velocity  and  acceleration  of  the  vehicle  body.  Similar  notation 
vdll  be  used  for  other  variables. 

The  equations  for  the  body  are  now  given  by; 

Mb  .yb’  =  Fr  +  Ff  -  F^  -  F«y  0) 

Ib.e”  =  F,.X,  +  F,.Xf-F,y.X.  +  F«.Yt-F.y.X.  +  F„.Y.  (2) 

Note  that  X,  will  be  negative. 

The  forces  are: 


F, 

=  (y„  -  yb  -  e.X,).Ke  +  (yj  -  y,'  -  6’  .X,).C 

(3) 

Ff 

=  (ywf  -  yb  -  e.Xf).Kf  +  (yj  -  yb’  -  e’.Xf).Cf 

(4) 

Fex 

=  (Xb  -  6.Ye  -  Xeg)  .  Keg 

(5) 

Fey 

=  (yb  +  6.Xe  -  yeg)  . 

(6) 

F« 

=  (Xb  -  0.Yt  -  X«.)  .  Ke™ 

(7) 

F.y 

—  (yb  0.Xt  -  ytiu)  •  Knu 

(8) 

where  x^u  is  the  displacement  of  the  cradle  trunnion  node  in  the  body  x  direction. 
y„u  is  the  displacement  of  the  cradle  trunnion  node  in  the  body  y  direction. 

Xeg  is  the  displacement  of  the  cradle  elevation  gear  node  in  the  body  x  direction, 
y^  is  the  displacement  of  the  cradle  elevation  gear  node  in  the  body  y  direction. 

is  the  elevation  gear  stifi&iess. 

Kbu  is  the  stiffhess  of  the  trunnion  relative  to  the  body. 

It  may  be  noted  that  the  calculation  of  F„  and  Fej  will  depend  on  the  design  of  the  elevation 
gear.  In  the  case  under  consideration,  only  the  vertical  force  Fey  was  used.  Also,  an  elevation 
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gear  stiffiiess  is  already  defined  in  the  standard  routines  of  SIMBAD.  This  could  not  be  used 
^ause  of  the  internal  calculation  of  the  elevation  gear  force  ^thin  the  program.  Therefore 
the  elevation  stifl&iess  in  the  cradle  file  was  set  to  zero,  and  another  variable  was  introduced  for 
the  elevation  gear  stiffiiess  as  defined  above. 

The  equations  for  the  wheel  are: 

H-Ywi*  =  -  Fr  +  Fty, 

Mf.y*f*=  -Ff  +  F.yr 

where: 

Ftyi  ■“  “  ywr-Klyr 

F,yf  =  -  ywf.K^ 

Equations  1  to  12  can  now  be  used  to  simulate  the  motion  of  the  vehicle  when  the  gun  is  fired. 


(11) 

(12) 


(9) 

(10) 


THE  LINK  BETWEEN  THE  GUN  AND  VEHICLE  MODEL 

The  link  between  the  gun  and  the  vehicle  is  through  the  trunnion  and  elevation  gear  mountings 
as  described  in  equations  5  to  8.  The  variables  x^u,  yt™,  x.^,  and  y,g  are  all  variables  directly 
obtained  from  the  standard  gun  dynamics  simulation  program.  The  following  FORTRAN  code 
was  used  to  extract  these  trunnion  and  elevation  gear  mounting  displacements  in  the  vehicle  x 
and  y  directions: 


Trunnion_node_disp_x  =  Cdisps { (Trunnion_node-l) *Flag3d+l)  * 

&  COS (ElevationAngle)  - 

&  Cdisps ( (Trunnion_node“l) *Flag3d+2) * 

&  SIN (ElevationAngle) 

Cdisps  (  (Trunnion_node--l)  *Flag3d+l)  * 

SIN (ElevationAngle)  + 

Cdisps { {Trunnion_node-l) *Flag3d+2) * 
COS (ElevationAngle) 

Cdisps  (  (Elev_gear_node-’l)  *Flag3d+l)  * 
SIN (ElevationAngle)  + 

Cdisps ( {Elev_gear_node“l) *Flag3d+2) * 
COS ( ElevationAngle ) 

Cdisps ( (Elev_gear_node-l) *Flag3d+l) * 
COS (ElevationAngle)  - 

Cdisps ( (Elev_gear_node~l) *Flag3d+2) * 
SIN (ElevationAngle) 

In  this  case:  Trunnion_node_disp_x  is  the  variable  Xtiu 

Trunnion__node_disp_y  is  the  variable  Ytm- 
Elev__gear_node_disp_x  is  the  variable 
Elev_gear_node_disp_y  is  the  variable 


Trunnion_node_disp_y  = 

& 

& 

& 

Elev_gear_node_disp_y  = 

& 

& 

& 

Elev_gear_node_disp_x  = 

& 

& 

& 
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The  ElevationAngie  is  a  new  variable  giving  the  elevation  angle  of  the  gun.  The  other 
variables  are  standard  variables  as  defined  in  SIMBAD. 

Equations  1,  2,  9  and  10  were  solved  by  using  the  inbuilt  integration  routines  of  the  program, 
and  the  forces  given  by  equations  3  to  8,  plus  1 1  and  12  were  calculated  at  each  time  step. 


SIMULATIONS  MADE 

The  purpose  of  the  simulations  was  to  determine  the  dispersion  of  a  series  of  shots  fired  in  a 
burst  sequence.  It  was  also  required  to  know  the  effect  that  vehicle  motion  had  on  dispersion. 
An  initial  set  of  simulations  were  therefore  made  without  the  vehicle  motion  to  establish  a  set  of 
base  results.  These  simulations  were  made  using  bursts  of  five  rounds,  with  the  time  between 
rounds  varying  from  0.2  to  0.5  seconds. 

The  vehicle  was  then  included  in  the  simulation  and  the  runs  repeated  for  various  elevation 
angles.  TWs  gave  a  total  of  150  shot  simulations.  These  simulations  were  then  repeated  for 
various  vehicle  suspension  parameters,  various  barrel  bearing  clearances,  and  modifications  to 
certain  parameters  which  had  initially  to  be  estimated,  eg  shot  band  stifl&tesses  [15]. 


RESULTS 

The  quantity  of  results  produced  in  this  investigation  was  considerable,  and  therefore  only  those 
of  particular  significance  are  shown  and  discussed  in  this  paper.  In  particular,  the  gun 
configuration  with  the  lowest  dispersion,  when  fired  without  the  vehicle,  was  used  to  produce 
the  figures  below.  This  highlights  the  effect  of  the  vehicle  motion  on  the  dispersion  of  a  series 
of  5  rounds.  The  results  shown  are  with  an  elevation  angle  of  5  degrees. 

The  vertical  jump  figures  for  a  burst  of  five  rounds,  with  and  without  the  vehicle  are  shown  in 
Table  1.  The  time  between  rounds  for  the  simulation  without  the  vehicle  is  0.3  seconds,  the 
results  with  the  vehicle  are  for  times  of  0.2, 0.3,  0.4  and  0.5  seconds. 


Table  1.  Vertical  Shot  Jump  for  various  Shot  Timings. 


Verbcat  Jump  values  in  mils. 

Roundl 

Round  2 

Rounds 

No  Vehicle 

pyiMiliM 

9.28 

14.30 

16.40 

With 

H9 

-0.03 

4.94 

9.83 

10.40 

8.36 

Vehicle 

0.4 

-0.03 

5.81 

7.84 

5.74 

4.08 

0.5 

-0.03 

5.78 

5.34 

2.95 

3.05 

The  first  point  to  note  is  how  the  inclusion  of  the  vehicle  increases  dispersion  considerably. 
The  jump  figures  without  the  vehicle  are  considered  to  be  small,  and  dispersion  is  also  small, 
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the  greatest  difference  between  any  of  the  five  rounds  being  just  over  O.lmils.  When  the 
vehicle  is  included,  the  first  round  still  has  a  relatively  smaU  jump  figure.  In  the  case  of  0.3 
second  timing,  the  second  round  jump  has  increased  to  nearly  5mils,  and  by  the  third  and  fourth 
is  around  lOmils.  At  this  point  the  change  in  jump  to  the  fifth  round  is  reduced. 

Chart  1 .  Jump  Values  for  Different  Timings 


This  pattern  is  different  for  each  of  the  simulated  timings  and  can  clearly  be  seen  in  Chart  1 . 
The  reason  for  this  change  in  pattern,  with  different  timings,  is  because  of  the  way  in  which 
each  firing  point  matches  a  different  phase  in  the  pitching  of  the  vehicle. 

Fig  2.  Vehicle  pitch  &  muzzle  angle. 


Figure  2  shows  a  plot  of  the  muzzle  angle  fi'om  a  time  immediately  after  round  1  has  left  the 
barrel,  to  a  the  time  when  round  2  is  about  to  be  fired.  Vehicle  pitch  is  also  shown  on  this 
graph’  It  is  the  smooth  curve,  and  it  can  be  seen  how  the  overall  muzde  angle  is  following  the 
vehicle  pitch.  The  barrel  has  a  higher  fi'equency  of  vibration,  and  this  is  seen  superimposed 
upon  the  overall  motion.  Muzzle  angle  continues  to  follow  vehicle  pitch,  and  Chart  2  shows 
how  the  jump  figures  correlate  with  the  vehicle  pitch  at  shot  exit. 
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Chart  2.  Correlation  between  Shot  Jump  and  Vehicle  Pitch  Angies. 


The  pitch  natural  frequency  of  the  veWcle  is  very  low  at  approximately  0.6Hz.  This  can  be  seen 
in  the  plot  of  vehicle  pitch  for  a  single  shot  fired.  Figure  3.  From  this,  it  might  be  expected  that, 
if  the  time  between  rounds  is  0.3  seconds,  then  when  the  fourth  round  was  fired,  the  angle  of 
the  gun  would  be  close  to  the  starting  angle,  and  a  more  cyclic  variation  of  jump  would  occur 
than  is  shown  in  table  1 . 


Fig  3.  Vehicle  pitch  after  one  round. 
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However,  the  plots  in  Figure  4  give  an  indication  of  what  actually  occurs.  If  the  plot  showing  a 
timing  of  0.3  seconds  is  examined  first  it  can  be  seen  that  the  first  round  starts  the  vehicle 
pitching,  the  second  round  pves  a  further  impulse  to  continue  pitching,  then,  just  when  the 
pitch  st^s  to  reduce,  the  third  round  is  fired.  This  causes  the  pitch  to  inwease  still  further,  but 
ag?^in  just  when  the  pitch  starts  to  reduce,  the  fourth  round  is  fired.  This  reduces  the  rate  of 
decrease  in  pitch,  before  the  fifth  round  is  fired.  It  should  be  realised  that  if  only  a  single  shot 
had  been  fired,  the  pitch  would  have  completed  just  over  half  a  complete  cycle  over  the  same 
time  and  the  peak  value  would  also  have  been  halved  (see  Figure  3).  It  might  also  be  noted  that 
this  pitching  of  the  vehicle  is  very  small  compared  to  what  would  be  seen  if  it  was  travelling 
over  normal  terrain,  and  visually  would  hardly  be  noticed. 


Fig  4.  Vehicle  pitch  for  various  shot  timings. 


What  is  highly  signficant  is  the  change  in  response  of  the  vehicle  with  difierent  shot  timings. 
When  the  time  between  rounds  is  0.2  seconds,  the  impulses  from  5  rounds  continue  to  incr^se 
the  vehicle  pitch,  and  a  progressive  increase  in  shot  jump  follows  (Chart  2).  When  the  time 
between  rounds  is  0.5  seconds,  the  impulses  are  occuring  just  after  one  quarter  of  a  free 
pitching  cycle.  This  keeps  the  pitch  angle  at  a  lower  value  overall,  and  shot  jump  for  rounds  2 
to  5  is  more  consistent. 
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FURTHER  DISCUSSION 

The  results  above  were  chosen  to  show  the  effect  that  vehicle  motion  has  upon  dispersion  of  a 
repeat  fire  sequence  of  5  rounds.  The  configuration  of  the  gjin  was  chosen  to  pve  the 
minimum  dispersion  when  fired  independently  of  the  vehicle.  This  was  with  minimum  bearing 
clearances.  It  may  be  noted  that  with  maximum  bearing  clearances,  the  dispersion  without  the 
vehicle  was  over  1  mil.  In  this  case,  when  the  vehicle  was  included,  the  correlation  between 
vehicle  pitch  and  shot  jump  was  not  as  good  as  shown  in  Chart  2.  The  contribution  of  the  gun 
dynamics  to  dispersion  could  then  be  as  much  as  30%,  indicating  how  essential  it  is  to  include 
the  full  gun  dynamic  simulation. 

Other  simulations  have  shown  that  when  fired  without  the  veWcle,  the  firing  rate  also  had  a 
large  effect  on  the  dispersion.  This  was  particularly  noticeable  at  higher  rates  of  fire,  and 
system  damping  was  significant  on  the  result.  This  has  been  shown  experimentally,  and  under 
certain  conditions  particular  rates  of  fire  with  large  numbers  of  rounds  gave  very  high 
dispersion.  This  occured  when  the  rate  of  fire  corresponded  with  the  natural  fi-equencies  of  the 
barrel. 

A  further  point  is  that  the  vehicle  suspension  parameters  described  above  were  optimis^  to 
give  good  high  speed  cross  country  performance.  The  pitch  stifi&iess  was  therefore  relatively 
low,  with  a  natural  fi-equency  of  about  0.6Hz.  The  level  for  this  type  of  vehicle  would  normally 
be  higher,  and  a  simulation  in  this  case  showed  that  a  firing  interval  of  between  0.3  and  0.4 
seconds  gave  the  optimum  value. 

A  possible  method  for  reducing  the  effect  of  vehicle  motion  on  dispersion  is  to  have  a  lock-out 
suspension.  In  this  case  the  vehicle  can  only  move  on  its  tyres.  This  increases  the  pitch  natural 
frequency  considerably,  and  further  simulations  did  show  that  it  does  improve  shot  dispersion. 
The  model  of  the  tyres  must  include  damping,  usually  in  the  form  of  relaxation  damping. 

Another  area  not  discussed  in  this  paper  is  the  mounting  position  of  the  gun  in  the  vehicle,  the 
position  of  the  trunnion  on  the  cradle,  and  the  elevation  gear  stiffhess.  Some  simulations  have 
been  made  which  have  shown  that  by  careful  choice  of  these  paramrters,  it  is  possible  to 
counteract  some  of  the  vehicle  pitch  motion  with  an  equal  and  opposite  motion  of  the  gun 
about  the  trunnions.  This  was  achieved  by  movmg  the  trunnion  above  the  barrel  centre-line. 
The  recoil  forces  then  caused  a  downward  pitching  motion  of  the  barrel  about  the  trunnions. 


CONCLUSIONS 

The  work  has  shown  that  vehicle  motion  can  have  a  considerable  influence  on  shot  dispersion 
of  a  repeat  fire  cannon.  Firing  rate  is  significant,  and  can  be  used  to  optimise  the  dispersion. 
This  further  depends  upon  the  veWcle  pitch  natural  fi-equency. 
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Other  work  has  shown  that  careful  selection  of  mounting  parameters  can  help  minimise  the 
effect  of  vehicle  pitch  on  the  gun  response.  In  particular,  the  positions  of  the  trunnions  on  the 
vehicle  and  on  the  cradle  relative  to  the  barrel  centre-line,  are  dgnificant. 
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ABSTRACT 


The  120-mm  XM291  tank  gun  was  conceived  in  the  mid- 1980s.  It  contained  all  of  the 
‘lightweight’  features  of  developmental  tank  armament  of  the  period,  namely;  long  slender  tube, 
boxlike  mount  structure,  and  an  external  recoil  system.  When  fired  from  a  fixed  mount,  its 
performance  in  terms  of  accuracy  was  as  good  as  or  better  than  contemporary  fielded  guns, 
however,  when  installed  in  the  vehicle  and  fired  on  the  move,  it  suffered  high  levels  of  vertical 
dispersion. 

To  determine  the  root  cause  of  these  elevated  dispersion  levels,  a  firing  test  was 
conducted  using  three  versions  of  the  gun.  The  design  differences  were  the  overall  length  of  the 
gun  tube,  namely;  standard  length  tube  XM291  version  (long  tube),  M256  length  tube  (short 
tube),  and  one  between  these  two  lengths  (medium  tube).  All  three  were  subjected  to  vehicle- 
mounted  mobility  firing  at  the  Aberdeen  Test  Center  (ATC).  The  test  consisted  of  firing  at  targets 
while  traveling  at  10,  15,  and  20  miles  per  hour  (mph).  The  figure  of  merit  is  the  target  impact 
dispersion  (TID)  for  each  tube  at  each  speed.  The  lower  the  value  of  the  TID,  the  tighter  the  shot 
pattern.  Testing  indicated  TID  levels  for  the  standard  XM291  tube  that  were  much  greater  than 
those  of  the  short  tube,  as  well  as  the  current  tank  cannon  which  is  the  M256. 

This  report  details  Benet  Laboratories  effort  to  confront  and  resolve  this  accuracy  problem 
within  the  constraints  of  the  design,  the  most  compelling  of  which  is  that  the  tube  had  to  remain  at 
its  present  length  of  265  inches. 
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BACKGROUND 

The  120-mm  XM291  tank  gun  was  conceived  in  the  mid-1980s  to  replace  the  current 
M256  gun.  It  contains  all  of  the  'lightweight'  features  applied  to  development  tank  armament  of 
this  period,  namely;  long  slender  tube,  boxlike  mount  structure,  and  external  recoil  system.  With 
respect  to  the  current  fielded  tank  gun  (M256),  the  length  of  the  XM29 1  is  about  five  feet  longer 
with  thinner  cross-sectional  areas.  For  testing  purposes,  three  versions  of  the  XM291  cannon 
were  built  and  tested,  namely;  standard  length  tube  (long  tube),  M256  length  tube  (short  tube), 
and  one  between  these  two  lengths  (medium  tube). 

All  three  were  subjected  to  vehicle-mounted  firing  tests  at  Aberdeen  Test  Center  (ATC) 
between  December  1993  and  April  1994.  The  tests  consisted  of  firing  at  targets  while  traveling  at 
various  speeds.  An  indication  of  a  dispersion  problem  was  uncovered  upon  analysis  of  the  firing 
data  for  the  subject  weapon.  The  figure  of  merit  is  the  target  impact  dispersion  (TID)  for  each 
tube  at  each  speed.  The  short  tube  responded  quite  favorably,  whereas  the  standard  (long)  tube 
had  dispersion  levels  which  were  unacceptable  as  well  as  being  greater  than  those  of  the  short 
tube.  The  medium  length  tube  fell  between  the  two. 

Additionally,  in  June  1994  at  the  request  of  Benet  Labs,  ATC  conducted  a  vehicle  mobility 
non-firing  test,  which  consisted  of  traversing  the  vehicle  oyer  known  terrain  (i.e.,  'bump'  course)  at 
various  speeds  with  the  stabilization  system  engaged  and  continuous  monitoring  of  the  muzzle 
reference  system  (CMRS)  data.  The  results  of  these  tests  are  summarized  in  Figure  1 .  The  data 
points  consist  of  root  mean  square  (RMS)  muzzle  slope  data  calculated  at  specific  time  slices  over 
the  course  of  a  test  run.  Two  plots  are  shown  in  each  graph,  namely;  the  results  for  the  long  tube 
(closed  boxes)  and  the  short  tube  (open  boxes).  The  top  graph  shows  these  results  for  a  vehicle 
speed  of  10  mph,  whereas  the  remaining  two  are  for  15  and  20  mph,  respectively. 

As  indicated  in  the  figure,  the  muzzle  is  much  more  active  for  the  long  tube  than  for  the 
short  tube.  At  10  mph,  the  slope  value  for  the  short  tube  is  about  half  that  of  the  long  tube  for 
most  of  the  test  run.  At  20  mph  the  results  for  the  short  tube  are  less  than  half  those  of  the  long 
tube,  while  at  30  mph  the  short  tube  shows  less  activity  early  in  the  run  but  approaches  the  long 
tube  at  the  end  of  the  test  run.  These  results  seem  to  indicate  that  it  is  more  difficult  for  the 
stabilization  system  to  control  the  standard  length  XM29 1  gun.  Due  to  range  and  penetration 
requirements,  the  long  tube  is  needed;  however,  from  an  accuracy  standpoint  the  increased  muzzle 
activity  may  mitigate  target  defeat.  In  summary,  for  the  system  to  function  as  required,  the 
XM291  cannon  must  be  modified  to  reduce  the  tube's  flexural  motion. 
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This  report  details  Benet  Laboratories  effort  to  confront  and  resolve  the  accuracy  problem 
within  the  constraints  imposed  upon  the  solution.  The  most  significant  constraint  is  that  the  tube  s 
length  of  265  inches  must  be  retained  due  to  target  defeat  requirements. 


1?nmm  XM291  ViRRAiiQN  SiUQY 

COMPARISON  of  TEST  DATA  from  JUNE  1994 
VEHICLE  STABILITY  TEST  at  APG 
CMRS  MUZZLE  SLOPE  (RMS-VALUES)  vs  TIME 


Figure  1.  Muzzle  Slope  Test  Data  (RMS  Values)  vs  Tube  Length 
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SOLUTION  RATIONALE 

The  basic  problem  lies  in  the  increased  flexibility  of  the  prototype  XM291  cannon  over  the 
current  production  M256  cannon.  The  M256  is  much  stiffer  due  to  its  shorter  length  and  greater 
wall  ratio.  In  order  for  the  XM291  system  to  be  a  viable  replacement,  system  modifications  that 
decrease  cannon  flexibility  are  needed.  This  may  be  accomplished  through: 

•  Increasing  wall  ratio 

•  Decreasing  tube  length 

•  Decreasing  the  'cantilevered'  length  of  the  tube 

To  minimize  the  manufacture  and  test  of  prototype  candidates,  an  analytical  method  of 
rating  the  benefit  of  a  potential  modification  will  be  conducted  prior  to  a  design  decision.  Benet  s 
gun  vibration  model  called  the  Uniform  Segments  Method  (USM),  which  has  been  in  use  since  the 
mid-1980s  to  rate  tube  dynamics  for  various  ballistic  and  design  contributions,  is  the  analytical 
tool  of  choice  [1].  It  has  the  capability  of 'driving'  the  gun  system  with  ground-induced  support 
motions  (much  like  those  that  produced  the  muzzle  slope  results  in  the  previous  section).  It 
would  seem  appropriate  to  claim  that  the  relative  'quietness'  of  coriipeting  prototype  systems, 
which  are  subjected  to  a  series  of  anal3^ical  simulations,  will  respond  similarly  during  field  use. 
Basically,  the  response  to  actual  field-generated  signals  will  be  proportional  to  the  response  of 
signals  produced  by  simulations. 


Proposed  System  Modifications  to  Reduce  Flexibility 

Various  methods  were  discussed  in  regard  to  reducing  system  flexibility.  Preliminary 


calculations  indicated  that  increasing  the  tube's  wall  ratio  near  the  front  support  would  have  a 
negligible  effect  on  kinematics  at  the  muzzle.  In  fact,  unless  a  Mann  barrel  (i.e.,  tube  with  large 
wall  ratio  used  for  ballistic  evaluation)  were  used,  any  reasonable  increase  in  tube  stiffness  through 


increasing  wall  thickness  would  have  very  little  effect.  Since  decreasing  tube  length  (a  very 
effective  way  of  decreasing  flexibility)  was  not  viable,  the  only  alternative  was  to  increase  the 
length  of  the  support  structure,  thus  decreasing  the  overhanging  portion  of  the  tube.  Preliminary 
analytical  evaluations  using  the  USM  driven  by  single-frequency  support  displacements  indicated  a 


decrease  in  muzzle  activity  as  support 


length  increases.  In  general,  the  greater 
the  length,  the  better  the  response. 
Unfortunately,  increasing  support  length 
also  increases  weight  and  exacerbates  an 
already  muzzle  heavy  gun.  Discretion  had 
to  be  incorporated  into  length  selection. 

To  accommodate  the  increased 
support  length,  the  existing  cradle 
structure  had  to  be  redesigned.  An 
extension  weighing  415  pounds  and 
measuring  approximately  22  inches  was 
welded  onto  the  existing  cradle.  This 
extension  moved  the  center  of  gravity  of 


XM291  CANNON  EXTENDED  SUPPORT  MODiRCATION 


WEUJED  EXTENSION 

Figure  2  Modified  Cradle  /  Extended  Support 
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Figure  2.  The  extension  located  at  the  forward  end  was  welded  to  an  existing  cradle. 

The  USM  was  used  to  rate  the  vibration  attenuation  provided  by  this  modification.  Two 
simulation  tests  were  conducted  on  the  standard  and  modified  mount  configurations.  The  first 
was  a  frequency  response  test  using  single-frequency  transverse  displacement  signals  at  the 
support  locations.  The  response  for  the  short  tube  was  included  in  these  runs.  The  second  test 
utilized  mount  acceleration  data  (vertical  and  pitch)  from  a  vehicle  mobility  test  collected  by  ATC 
in  June  1994. 

Figure  3  shows  results  of  the  first  set  of  simulations.  Frequency  is  depicted  along  the 


120min  XM291  CANNON  VIBRATION  STUDY 

FREQUENCY  RESPONSE  COMPARISONS 
for 

NOMINAL,  SHORT,  ond  MODIFIED  GUN 
VERTICAL  MUZZLE  SLOPE 

VIBRATION  FREQUENCY 
of 

GUN  SUPPORTS 


Figure  3.  Predicted  Muzzle  Slope  vs  Tube  Length 

horizontal  axis  and  RMS  muzzle  slope  along  the  vertical  axis.  The  input  signals  applied  at  each 
support  are  single-frequency  sinusoidal  displacements  of  1-inch  amplitude.  As  indicated,  the  short 
tube  response  is  the  'quietest'  of  the  three.  Its  RMS  slope  response  monotonically  increases  to  a 
maximum  value  of  1 .40  mrad  at  a  frequency  of  5  Hertz  (Hz).  The  other  two  show  similar  trends 
with  much  greater  amplitude.  For  the  gun  employing  the  modified  support,  the  slope  response  at 
5  Hz  is  slightly  above  2.0  mrad.  For  the  standard  support,  the  response  of  the  gun  at  this 
frequency  is  about  3.75  mrad.  The  decrease  in  muzzle  slope  for  the  standard  length  gun 
employing  a  modified  support  is  roughly  35  percent  overall.  This  test  indicates  that  the  extended 
length  support  should  favorably  mitigate  excessive  muzzle  motions  when  firing  on  the  move. 

Figure  4  shows  results  of  the  second  set  of  simulations.  Three  graphs  are  depicted  in  this 
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figure.  The  upper  graph  is  for  a  vehicle  speed  of  10  mph.  The  middle  graph  is  for  20  mph,  and 
the  lower  is  for  30  mph.  The  horizontal  scale  is  time  in  seconds,  whereas  the  vertical  scale  is 
RMS  muzzle  slope  in  milliradians.  The  data  points  on  each  graph  are  the  RMS  slope  values 
calculated  for  a  finite  time  slice  commensurate  with  the  vehicle  speed.  For  example,  at  a  vehicle 
speed  of  10  mph,  the  data  in  the  graph  correspond  to  the  average  RMS  slope  value  for  a  3-second 
slice  through  the  transient  data.  (If  the  entire  transient  signal  were  shown,  a  comparison  of  results 
would  be  virtually  impossible.) 

Since  muzzle  slope  values  for  the  extended  support  design  are  less  than  those  for  the 
standard  length  support  nearly  100  percent  of  the  time,  the  gun  employing  the  extended  length 
support  indicated  improvement.  The  percentage  of  the  benefit  varied  with  time  for  a  given 
simulation  as  well  as  for  different  speeds.  At  1 0  mph  the  slope  reductions  realized  by  using  the 
extended  support  were  not  as  great  as  those  for  a  vehicle  speed  of  30  mph.  However,  this  test 
indicates  much  improvement  for  the  extended  support  mount  as  well  as  for  the  single-frequency 
simulation  tests.  The  results  are  more  applicable  to  actual  conditions  in  the  field  since  they  were 
developed  using  field  measured  data.  In  the  sections  to  follow,  the  results  of  a  laboratory  test  and 
USM  simulations  similar  to  the  ones  reported  here  will  be  addressed  for  the  gun  employing  the 
extended  support. 


12Qmm  XM991  CANNfi.N.  V.r..vA..C>.\  S.UD^ 
COMPARISON  of  MUZZLE  SLOPE  RMS  VALUES 
for  STANDARD  ond  MODIFIED  MOUNT  DESIGNS 
APG  'BUMP  COURSE’  ACCELERATION  DATA 
USED  TO  DRIVE  SIMULATION  MODEL 


Figure  4.  Predicted  Slope  Response  in  Field 
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CONDUCTION  OF  CONTROLLED  VIBRATION  TEST 

In  order  to  assess  the  characteristics  of  the  design  modifications,  a  two-pronged  method 
was  utilized.  Both  an  in-house  dynamics  vibration  test  and  additional  simulations  would  be 
conducted.  Hopefully  correlation  between  the  two  would  exist  and  the  muzzle  motions  would  be 
reduced,  as  indicated  in  the  preliminary  analysis. 

Test  Setup  and  Procedure 

A  schematic  of  the  test  setup  is  shown  in  Figure  5.  Vertical  accelerations  were  measured 
on  the  gun  mount  and  tube  as  shown.  The  test  consisted  of  sending  programmed  displacement 
signals  to  the  simulator  and  recording  accelerations.  The  two  accelerometers  on  the  mount 
provided  information  as  to  the  displacement  of  the  base,  whereas  the  tube-mounted 
accelerometers  measured  accelerations  near  the  muzzle.  Various  single  and  multi-frequency 
sinusoidal  displacement  signals  were  sent  to  the  simulator  via  a  computer  linkup.  Equation  (1) 
shows  the  makeup  of  the  signals  and  Table  2  shows  the  parameters. 


XM291  CANNON  VIBRATION  STUDY:  TEST  SETUP 
EXTENDED  SUPPORT  GUN 


ACCELEROMETERS 


Figure  5.  Schematic  of  Test  Setup  for  Extended  Support  Gun 
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D(t)  =  Aik)  sin(27r^t)  (1) 

1=0 

D(t);  displacement  signal  sent  to  machine  in  inches 
Aj!  amplitude  of  the  i*  sinusoid  in  inches 
fj:  frequency  of  the  i*  sinusoid  in  Hz 
t:  time  in  seconds 


The  first  five  signals  are  single-frequency  sinusoids  from  2  through  6  Hz  at  an  amplitude  of 
0.75  inch.  Signals  6  through  1 1  are  of  multi-frequency  content  at  various  amplitudes  comparable 
to  those  found  in  typical  acceleration  data  from  ATC  vehicle  tests  conducted  on  the  XM291 
system  in  1994. 


Table  1.  Characteristics  of  Test  Signals  (NOTE:  2  runs  for  each  inputjignal)^ 
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1.0 

4 

10 

0.25 
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1.0 

1.75 

1.0 

3 

1.0 

4 

11 

0.25 

1.0 

0.50 

1.0 

0.85 

1.0 

1.25 

1.0 

2.5 

1.0 

3.75 

Test  data  were  captured  by  a  Nicolet  digital  oscilloscope  and  transferred  to  5.25-inch  data 
disks  for  processing  by  VuePoint™.  Each  test  run  contained  four  sets  of  data,  namely;  the  four 
accelerometer  signals  all  recorded  in  volts.  A  zero  input  range  was  captured  at  the  beginning  and 
end  of  each  test  signal.  This  was  for  the  purpose  of  determining  the  zero  level  for  all  signals  and 
the  indication  of  any  acceleration  'drift'  at  the  completion  of  a  test  run.  Data  processing  included 
the  following; 


•  Scaling  each  signal  to  appropriate  engineering  units 

•  Shifting,  filtering,  and  twice  integrating  the  acceleration  data  to  produce 
displacements 
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Data  Reduction  and  RMS  Ratings 

The  plethora  of  data  generated  during  this  test  required  a  succinct  method  of  presentation 
for  a  valid  comparison  of  the  benefits  of  the  extended  support  gun.  Since  all  of  the  input  signals 
are  periodic,  the  entire  content  of  the  both  input  and  response  may  be  characterized  by  its  RMS 
value. 


Figure  6  plots  the  mount  displacement  RMS  values  against  signal  number.  As  noted, 
signals  1  through  5  are  single-frequency  signals  from  2  to  6  Hz,  and  signals  6  through  1 1  are 
multi-frequency  signals.  Two  data  points  are  shown  for  each  signal.  With  one  exception  (signal  2 
extended  support),  repeatability  for  a  given  signal  and  test  gun  is  very  good.  In  addition,  when 
comparing  support  types,  the  mount  displacement  RMS  response  is  about  the  same  for  a  given 
signal.  The  primary  characteristic  of  these  responses  is  the  diminished  amplitude  as  frequency 
increases  as  shown  for  signals  1  through  5.  Recalling,  the  amplitude  for  each  single-frequency 
signal  fed  by  the  signal-generating  computer  was  the  same.  However,  as  frequency  increased,  the 

170  mm  Xlyl2qi  CANNON  VItjKAIION  SIUDY 

RMS  RESULTS  of  SUPPORT 
COMPARISON  TESTS 

RMS  RESPONSE  VALUES  vs  SIGNAL  | 


Figure  6.  Mount 


iUSU-AR-CC6-D[ 
NOVFWBER  1995 


Displacement  RMS  Values  for  Standard  and  Modified  Gun 
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simulator  could  not  respond  due  to  servo-valve  saturation.  For  multi-frequency  signals,  amplitude 
responses  were  more  consistent.  The  variation  ranged  from  a  low  of  0.25  inch  to  a  high  of  0.40 
inch. 


Figure  7  plots  the  muzzle  displacement  RMS  values  against  signal  number.  Consistency 
between  responses  for  a  given  signal  type  and  support  condition  again  prevails.  For  the  single¬ 
frequency  signals,  the  response  between  support  type  differs  substantially.  For  the  standard 
support,  a  rather  benign  peak  of  0.62  inch  occurs  for  signal  3  (4  Hz),  whereas  a  sharp  peak  of 
0.72  inch  occurs  for  signal  4  (5  Hz)  for  the  extended  support  case.  The  extended  support 
responses  are  lower  than  those  for  the  standard  support  for  signals  1  through  3,  however,  the 
reverse  is  true  for  signals  5  and  6.  For  the  remaining  6  signals,  the  responses  for  the  extended 
support  are  slightly  less  than  those  for  the  standard  support. 

170  mm  XM?91  CANNON  VIBRATION  STUDY 

RMS  RESULTS  of  SUPPORT 
COMPARISON  TESTS 

RMS  RESPONSE  VALUES  vs  SIGNAL  f 


SIGNAL  If  (— ) 


MiSW-AR-CCB-M 
IKMCUBER  1S95 


Figure  7.  Muzzle  Displacement  RMS  Values  for  Standard  and  Modified  Gun 
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The  true  benefit  of  the  extended  support  is  graphically  portrayed  in  Figure  8  in  which  the 
muzzle  displacement  amplification  factor  is  plotted  against  signal  number.  The  amplification 
factor  is  the  ratio  of  the  RMS  muzzle  displacement  values  to  the  mount  displacement  values  for  a 
given  test  run.  This  type  of  representation  of  the  displacement  data  indicates  the  true  fi'equency 
response  of  the  system  (signals  1  through  5)  and  the  response  to  generic  ground-induced  motions 
(signals  6  through  11).  For  the  frequency  response  portion,  the  peaks  for  each  system  are  very 
well  defined.  For  the  standard  support,  signal  4  (5  Hz)  produced  the  greatest  amplification  of  just 
under  4,  while  for  the  extended  support  at  this  frequency  the  amplitude  was  about  4.6.  For  signals 
1  through  3,  the  extended  support  system  shows  less  amplification,  whereas  for  5  and  6 
amplification  is  greater.  This  indicates  that  for  the  extended  support,  a  positive  shift  of  the 

190  mm  XM991  CANNON  VIBRATION  STUDY 

RMS  RESULTS  of  SUPPORT 
COMPARISON  TESTS 

RMS  RESPONSE  VALUES  vs  SIGNAL  f 

MUZZLE  DISPLACEMENT  AMPLIFICATION  STANDARD  SUPPORT 


MUZZLE  DISPLACEMENT  AMPLIRCATION  EXTENDED  SUPPORT 


ausia-ar-ccb-de 
NO^R  1SS5 


Figure  8.  Muzzle  Displacement  Amplification  for  Standard  and  Modified  Gun 
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fundamental  harmonic  frequency  occurs.  This  is  a  favorable  condition,  since  it  renders  the  system 
less  responsive  to  the  low  frequency  motions  present  in  ground-induced  vibration.  Further 
exemplification  of  this  is  shown  for  the  multi-frequency  signals.  In  all  cases  the  extended  support 
gun  indicates  a  5  to  10  percent  reduction  in  the  motion  at  the  muzzle. 

The  best  comparison  is  shown  in  Figure  9.  This  figure  plots  the  percent  reduction  in 
muzzle  displacement  for  the  extended  support  gun  against  frequency  on  the  upper  graph,  and 
against  signal  number  on  the  lower  graph.  For  the  single-frequency  response,  reduction  increases 
from  5  percent  at  2  Hz  to  27  percent  at  4  Hz,  then  abruptly  decreases  to  -20  percent  at  5  Hz  and 
-30  percent  at  6  Hz.  This  distribution  indicates  a  1 .5  Hz  positive  shift  in  the  fundamental 
harmonic  for  the  extended  support  system.  Although  a  greater  shift  would  have  been  more 
favorable,  the  result  is  as  expected  since  the  overhang  of  the  cannon  has  been  decreased  by  only 
10  percent.  For  the  multi-frequency  cases,  the  reduction  is  positive  for  all  6  signals  and  ranges 
from  4.5  to  8.5  percent. 


RMS  RESULTS  of  SUPPORT 
COMPARISON  TESTS 


T - 1 - 1 - 1 - T 

2  3  4  5  6 


FREQUENCY  (Hertz) 


In  the  following  section,  the  results  of  a  dynamic  analysis  of  the  test  will  be  compared  with 
the  data.  Both  RMS  ratings  and  actual  transient  results  will  be  presented  and  discussed. 
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DYNAMIC  ANALYSIS  OF  RESULTS  USING  USM 

To  solidify  the  model’s  validity,  test  results  at  the  muzzle  end  were  compared  to  their  USM 
prediction  using  the  mount  data  as  the  driving  load.  In  this  verification  exercise,  the  dynamics 
models  of  both  cannons  were  subjected  to  the  same  mount  displacement  and  pitch  distributions 
that  were  measured  during  the  test.  In  each  case  the  models  were  subjected  to  several  seconds  of 
the  driving  loads,  and  the  muzzle  displacement  results  were  retained  and  analyzed  in  a  manner 
similar  to  the  test  data. 

Comparison  of  RMS  Ratines  for  Test  and  Model 

In  a  manner  similar  to  comparing  the  test  data's  reproducibility,  similar  graphs  have  been 
constructed  to  compare  test  data  and  modeling  results.  These  RMS  comparisons  are  found  in 
Figures  10  and  11. 

Figure  10  illustrates  the  mount  displacement  comparisons.  The  left  bar  represents  the 
RMS  value  of  the  test  data  for  run  'a'  of  the  signal  number.  The  right  bar  represents  the  model's 
average  response  of  the  displacements  for  the  two  support  points  on  the  gun  tube.  As  shown,  the 
correlation  between  test  and  model  is  quite  good.  This  is  expected  since  the  'ground'  support  in 
the  model  (cradle)  is  very  stiff  and  coupled  quite  rigidly  to  the  gun  tube  at  these  locations.  The 
gun  and  mount  move  nearly  as  a  unit. 

Figure  1 1  illustrates  similar  comparisons  for  the  average  muzzle  displacement.  The  left  bar 
represents  data  and  the  right  bar  represents  the  model's  response.  The  correlation  between  test 
and  model  is  good,  however,  not  as  good  as  that  for  the  mount  locations.  The  largest 
discrepancies  occur  for  the  extended  support  and  the  multi  frequency  signals.  The  model  under¬ 
predicts  the  test  result  by  about  5  percent.  For  the  standard  support  cases,  the  correlation  is  much 
better.  For  single-frequency  signals,  the  results  are  within  2  percent  of  the  model  and  for  multi¬ 
frequency  signals,  the  correlation  is  even  better.  The  discrepancy  issue  will  be  addressed  in  the 
following  portion  of  this  section  when  the  transient  results  are  presented  and  discussed. 
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Figure  10.  Mount  Displacement  RMS  Values;  Comparison  of  Test  and  Model 
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m  mm  XU9Q1  CANNON  VIBRATION  STUDY 


RMS  RESULTS  of 
TESTS  vs  MODELLING 
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Figure  11.  Muzzle  Displacement  RMS  Values;  Comparison  of  Test  and  Model 


Comparison  of  Transient  Results  for  Test  and  Model 

To  better  illustrate  the  reliability  of  the  simulations,  transient  results  from  the  test  and 
model  will  now  be  compared.  Only  a  few  of  these  results  will  be  presented  since  they  are 
polarized  into  only  two  groups,  namely;  those  that  reproduced  the  test  results  quite  well  and  those 
that  did  not.  Fortunately,  the  latter  group  is  sparsely  populated.  The  greatest  discrepancies 
occurred  for  the  simulation  of  the  modified  gun  driven  by  signals  2a,  3  a,  and  7a.  The  transient 
comparisons  are  illustrated  in  Figures  12,  13,  and  14,  respectively. 

Figures  12  and  13  show  the  data  and  modeling  results  for  signals  2a  and  3a  employing  the 
modified  mount.  Although  the  amplitudes  are  quite  comparable,  the  signals  seem  to  be  offset  in 
time  with  signal  3a  seemingly  180°  out-of-phase.  The  problem  may  lie  in  the  selection  of  startup 
time  for  the  test  results.  Although  all  signals  used  the  same  criterion  for  indication  of  startup. 
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these  two  may  contain  some  anomalies  that  cause  the  shift  indication.  The  situation  for  signal  7a 
is  much  different.  Figure  14  shows  the  data  and  results  for  signal  7a.  The  problem  here  is  purely 
an  amplitude  shift  for  the  model.  The  startup  portion  of  the  simulation  highly  under-predicts  the 
displacement  indicated  in  the  test.  The  situation  corrects  itself  for  the  second  period  of  application 
(1  to  2  seconds),  however,  the  discrepancy  returns  for  the  next  few  periods.  In  the  steady-state 
condition  (time  greater  than  3  seconds),  the  only  points  of  correlation  occur  for  the  low  amplitude 
portions  near  the  end  of  each  period.  The  discrepancies  may  be  a  result  of  the  data  processing  of 
the  test  results.  Recalling,  each  signal  was  subjected  to  a  low-pass  rejection  filter  to  attenuate  the 
accelerometer  drift.  Although  not  evident  in  the  displacement  data,  the  shift  could  be  in  the  mount 
data  that  are  used  in  the  modeling  exercise.  In  future  exercises  of  this  nature,  additional  care  will 
be  used  in  the  processing  of  these  data.  In  retrospect,  the  results  mentioned  above  are  the  only 
ones  containing  discrepancies  with  the  test  data. 

Figures  15,  16,  and  17  show  the  transient  results  for  the  test  and  simulation  for  the 
standard  support  system  driven  by  signals  2a,  3a,  and  7a,  respectively.  These  are  the  standard 
support  counterpart  runs  for  the  above  cases.  By  comparison  these  results  show  excellent 
correlation  to  the  test  data.  Only  signal  7a  shows  slight  deviations  near  the  high  frequency  low- 
amplitude  peaks  (e.g.,  just  prior  to  1  second).  For  further  information,  all  of  the  transient  results 
are  available  with  this  author. 

In  the  next  section,  the  USM  model  will  be  used  to  predict  mu2zle  slope  responses  for 
both  gun  types  using  mount  acceleration  data  collected  by  ATC  during  actual  'bump'  course 
testing.  This  type  of  comparison  will  truly  indicate  the  quantitative  benefits  of  the  extended 
support  gun. 
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COMPARISON  of  TEST  DATA  to  DYNAMIC  SIMULATION 
for  MODIHED  MOUNT  DESIGN:  TEST  RUN  #3o 
DISPUCEMENT  13"  from  MUZZLE  vs  TIME 


Figure  13.  Comparison  of  Test  and  Simulation;  Signal  #3a  Modified  Gun 
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COMPARISON  of  TEST  DATA  to  DYNAMIC  SIMULATION 
for  MODIHED  MOUNT  DESIGN:  TEST  RUN  pa 
DISPLACEMENT  13"  from  MUZZLE  vs  TIME 


Figure  14.  Comparison  of  Test  and  Simulation;  Signal  #7a  Modified  Gun 
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COMPARISON  of  TEST  DATA  to  DYNAMIC  SIMULATION 
for  STANDARD  MOUNT  DESIGN:  TEST  RUN  |2o 
DISPLACEMENT  13"  from  MUZZLE  vs  TIME 


Figure  15.  Comparison  of  Test  and  Simulation;  Signal  #2a  Standard  Gun 
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COMPARISON  of  TEST  DATA  to  DYNAMIC  SIMUUTION 
for  STANDARD  MOUNT  DESIGN:  TEST  RUN  |7o 
DISPLACEMENT  13"  from  MUZZLE  vs  TIME 


0  12  3 


Figure  17.  Comparison  of  Test  and  Simulation;  Signal  #7a  Standard  Gun 
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PREDICTED  RESPONSE  FOR  FIELD  INDUCED  SIGNALS 

In  order  to  fully  appreciate  the  worth  of  the  extended  support  modification  for  the  XM29 1 
gun,  a  comparison  of  modeling  results  driven  by  field-generated  signals  for  the  standard  and 
extended  support  gun  mount  will  be  discussed.  The  signals  driving  the  model  are  those  that  were 
measured  by  ATC  during  the  June  1994  test  of  the  subject  weapon.  Restating  a  portion  of  the 
text  from  the  Background  section: 

"...at  the  request  of  Benet  Labs,  ATC  conducted  a  vehicle  mobility  non¬ 
firing  test,  which  consisted  of  traversing  the  vehicle  over  known  terrain  (i.e., 

•bump'  course)  at  various  speeds  with  the  stabilization  system  engaged  and 
continuous  momtoring  of  the  muzzle  reference  system  (CMRS)  data." 

Part  of  the  collected  data  from  this  test  is  the  mount  transverse  and  rotational 
accelerations.  These  data  have  been  filtered  to  exclude  low  frequency  drift  of  the  accelerometer 
signals.  The  displacement  signals,  which  are  derived  by  twice  integrating  the  accelerations,  are 
used  to  drive  the  gun  mount,  whereas  the  calculated  MRS  signals  are  reported  and  compared  for 
both  mount  types. 

The  results  of  this  exercise  are  reported  in  Figures  18,  19,  and  20.  Each  figure  represents 
three  instances  of  a  different  vehicle  speed  over  the  'bump'  course.  Each  of  the  three  graphs  per 
figure  contains  the  results  for  one  run  at  the  given  speed.  Each  gun  type  (i.e.,  standard  or 
extended  support)  was  driven  by  the  same  acceleration  data  for  a  given  instance.  The  graphs 
show  the  transient  RMS  muzzle  slope  values  calculated  over  fixed  increments  of  time.  The  closed 
symbols  represent  the  response  for  the  standard  support  system  and  the  open  symbols  represent 
the  response  for  the  extended  support  system. 

Figure  18  shows  the  results  for  a  vehicle  speed  of  10  mph.  For  run  #1  the  overall  level  of 
RMS  slope  is  fairly  quiescent  at  about  0.60  mrad.  A  mild  peak  for  both  support  types  is  shown  at 
18  seconds.  This  is  the  only  instance  where  the  response  for  the  extended  support  gun  performs 
poorer  than  its  standard  support  counterpart.  Between  20  and  30  seconds,  the  extended  support 
system  shows  a  25percent  benefit.  Overall  the  average  reduction  in  RMS  muzzle  slope  is  roughly 
10  percent.  For  runs  #2  and  #3,  the  distributions  over  time  are  highly  transient  with  high  levels  of 
response  at  the  beginning  and  varying  levels  for  the  rest  of  the  run.  For  run  M2  the  standard 
support  response  is  much  more  variable  than  that  of  the  extended  support  system.  As  was  the 
case  for  run  #1,  the  extended  support  system  shows  a  lower  level  of  response  for  all  but  one  point 
in  the  run.  The  overall  benefit  is  about  10  percent.  For  run  #3  both  systems  track  along  the  same 
trajectory,  however,  the  extended  support  shows  lower  levels  of  response  in  nearly  all  instances. 

In  all,  the  benefit  at  10  mph  is  about  10  percent. 

Figure  19  shows  the  results  for  a  vehicle  speed  of  20  mph.  For  run  ^1  the  level  of  RMS 
slope  varies  considerably  with  time.  At  the  beginning  of  the  run,  RMS  values  for  both  systems  are 
on  the  order  of  2.25  mrad.  Five  seconds  later  this  value  drops  to  0.50  mrad  and  then  increases 
back  up  to  1 .75  mrad.  The  benefit  of  the  extended  support  system  is  not  as  well  defined  at  this 
speed  as  it  was  for  1 0  mph,  however,  it  still  shows  a  slightly  lower  response  level  (especially 
between  5  and  10  seconds)  than  the  standard  support  system.  For  run  #2  the  distribution  is  quite 
different  in  that  it  begins  at  about  1 .0  mrad  for  7  seconds  then  peaks  rather  quickly  at  1 1  seconds 
and  decays  back  to  1 .0  mrad  for  the  remainder  of  the  run.  Both  support  types  track  nearly  the 
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same,  however,  the  response  of  the  extended  support  configuration  is  less  than  that  for  the 
standard  support  in  nearly  all  instances.  For  run  #3  the  distribution  is  not  as  variable  as  for  run  #2. 
It  is  rather  flat  at  the  beginning  and  end  of  the  run  with  a  mild  peak  for  the  extended  support 
system  at  9  seconds.  So  far  this  is  the  only  instance  where  the  two  systems  did  not  closely  track 
one  another.  The  response  comparison  looks  like  two  waves  that  are  completely  out-of-phase. 
Where  the  standard  support  system  shows  a  local  maximum,  the  extended  support  system  shows  a 
local  minimum  and  vice  versa.  Overall  this  response  shows  very  little  benefit  for  use  of  the 
extended  support  system.  The  reason  may  be  in  the  nature  of  the  driving  load  used  for  this  case. 
Further  study  of  the  content  of  this  load  is  required.  With  the  exception  of  run  #3,  the  benefit  for 
use  of  the  extended  support  at  20  mph  is  about  7  percent. 

Figure  20  shows  the  results  for  a  vehicle  speed  of  30  mph.  For  run  #1  the  level  of  RMS 
slope  varies  from  a  value  of  about  1 .25  mrad  at  the  beginning  of  the  run  then  levels  off  to  a  value 
of  about  0.75  mrad  for  the  remainder  of  the  run.  In  all  instances  except  one,  the  ejrtended  support 
system's  response  is  lower  than  its  standard  support  counterpart.  Except  for  the  initial  part  of  the 
run,  which  shows  a  reduction  of  33  percent,  the  average  reduction  is  about  5  percent  for  the  rest 
of  the  run.  The  same  level  of  benefit  is  shown  for  the  remaining  two  runs,  however,  the 
distributions  over  time  are  considerably  different  than  those  for  run  #1 .  For  run  #2  the  extended 
support  system  is  less  sensitive  to  the  signal,  as  indicated  by  its  flatter  response  near  the  middle  of 
the  run.  For  run  #3  a  lower  level  of  response  is  shown  from  the  middle  to  the  end  of  the  run.  The 
peaks  near  the  midpoint  are  nearly  the  same.  Overall  benefit  for  use  of  the  extended  support 
system  is  about  10  percent. 

In  general,  it  appears  that  the  extended  support  system  will  respond  more  favorably  in 
terms  of  lessening  the  muzzle's  slope  response  for  field-generated  motions.  The  level  of  benefit  is 
between  7  and  10  percent,  depending  upon  the  magnitude  and  frequency  of  the  input  signal  .  In 
addition,  at  a  speed  of  20  mph  the  system  appears  (i.e.,  muzzle  slope)  to  be  quite  sensitive  in  that 
for  all  runs  at  this  speed  the  response  signals  were  different  and  transient  in  nature. 
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19nmm  XM291  VIBRATION  STUDY 


ANALYTICAL  COMPARISON 
of  STANDARD  to  EXTENDED  SUPPORT  MOUNT 
DRIVEN  by  FIELD  GENERATED  ACCELERATIONS 
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Figure  18.  Comparison  of  RMS  Muzzle  Slope  Values  at  Vehicle  Speed  of  10  MPH 
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ANALYTICAL  COMPARISON 
of  STANDARD  to  EXTENDED  SUPPORT  MOUNT 
DRIVEN  by  FIELD  GENERATED  ACCELERATIONS 


Muurrisse 


Figure  19.  Comparison  of  RMS  Muzzle  Slope  Values  at  Vehicle  Speed  of  20  MPH 
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ANALYTICAL  COMPARISON 
of  STANDARD  lo  EXTENDED  SUPPORT  MOUNT 
DRIVEN  by  FIELD  GENERATED  ACCELERATIONS 


VEHICLE  SPEED  30  MPH  RUN  #3 


Figure  20.  Comparison  of  RMS  Muzzle  Slope  Values  at  Vehicle  Speed  of  30  MPH 
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CONCLUSIONS 

This  redesign  program  was  conducted  to  increase  the  accuracy  of  the  120-mm  XM291 
tank  cannon.  In  tank-mounted  'on-the-move'  firing  tests,  the  vertical  dispersion  of  shot  groups 
was  excessive,  thus  compromising  the  accuracy  features  of  the  weapon.  It  was  decided  that  the 
problem  was  due  to  the  increased  flexibility  of  the  gun  tube  with  respect  to  the  current  M256 
cannon.  This  report  details  Benet’s  efforts  at  solving  the  classical  engineering  problem  of  shifting 
the  fundamental  harmonic  frequency  of  a  flexible  beamlike  structure,  thus  increasing  the  stiffness 
and  low  frequency  rejection  of  ground-induced  motion.  Due  to  constraints  imposed  upon  the 
solution,  the  most  effective  method  of  decreasing  the  tube  length  was  not  an  option. 

In  attacking  the  problem,  a  hybrid  approach  was  used.  First,  a  dynamic  computer  model 
of  the  structure  was  built  and  excited  by  simulated  single  and  multiple-frequency  ground  motions. 
These  motions  are  similar  in  content  to  those  that  drive  the  actual  structure.  Second,  the  structure 
was  exercised  on  a  dynamic  simulator  (i.e.,  shake  table)  using  the  same  drive  signals  as  those  in 
the  virtual  simulation.  The  responses  were  compared  and  appropriate  adjustments  to  the  model 
were  made.  For  this  exercise  the  model  reproduced  the  data  quite  well  and  no  adjustment  was 
needed.  With  a  validated  model  in  hand,  many  redesign  options  may  be  applied  to  the  model  and 
rated  by  the  virtual  simulation.  Due  to  the  reduced  number  of  redesign  options,  only  a  few  were 
tried.  The  first  was  to  increase  the  cross-sectional  area  of  the  tube  near  the  breech  end.  Using 
reasonable  judgment  regarding  maximum  dimensions,  this  option  was  not  very  fhiitful.  The  next 
method  was  to  lengthen  the  mounted  portion  of  the  cannon  such  that  the  overhang  is  shortened 
without  decreasing  the  length  of  the  tube.  This  method  showed  some  improvement  when 
simulated  and  was  pursued  as  the  only  viable  option. 

The  mount  was  lengthened  by  approximately  2  feet,  which  shifted  the  fundamental 
harmonic  frequency  approximately  +1.5  Hz.  Although  marginal,  it  decreased  the  muzzle  motions 
by  8  to  10  percent  across  the  board  for  all  signals  tested  and  simulated.  The  dynamic  response 
would  have  diminished  more  if  the  mount  length  were  increased,  however,  the  gross  weight  and 
imbalance  of  the  system  would  have  become  too  great. 

In  retrospect,  if  a  complete  model  of  the  system  (i.e.,  gun  and  tank)  were  built  and  tested 
by  computer  simulation  early  in  the  system  design  phase,  problems  such  as  this  would  have  been 
discovered  early.  The  redesign  space  would  have  been  much  greater,  thus  a  truly  optimum  result 
could  have  been  found.  This  is  the  way  things  should  be  done  in  the  future. 
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ABSTRACT: 


To  understand  the  accuracy  of  tank  cannons,  an  analytical  and  numerical  effort  has  beat 
made  to  uncouple  and  quantify  die  influences  from  the  bullet  and  gun  design.  A  number  of 
issues  are  addressed  using  state-of-the-art  finite  elanent  techniques.  In  this  paper,  die  effects 
of  gun  tube  sh^  and  projectile  geometry  on  projectile  exit  state  conditions  are  examined 
using  these  techniques. 

Recently,  a  live  fire  test  was  conducted,  which  compared  long  and  short  120-mm  tank 
ammunition.  Examination  of  the  limited  data  indicated  a  potendal  correlation  between 
ammunition  type  and  gun  tube  centerline  profile.  Two  gun  tubes  were  chosen  for  comparison. 
Tte  two  gun  tubes  selected  were  based  on  the  very  large  differ^ces  in  vertical  mean  jump 
betweai  the  two  tubes.  Centerline  profiles,  obtained  at  the  Watervliet  Arsenal,  of  the  two  gun 
tubes  were  incotporated  into  the  existing  finite  element  models  of  the  M256  system. 
Additionally,  finite  element  models  of  the  short  and  long  buUets  were  constructed.  The 
projectile  models  were  then  computationally  "fired"  through  the  gun  models  to  predict  tiie  net 
effect  of  the  tube  shape  on  the  bullet’s  exit  state  velocities  and  rotational  rates.  This  paper 
presents  those  results  and  also  compares  dynamic  response  between  the  longer,  more  flexible 
bullet  and  the  short  and  stiff  kinetic  energy  buUet.  Fmally,  an  overview  of  the  techniques 
used  to  estimate  the  bullet’s  exit  state  condition  is  reviewed. 
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TECHNIQUES  FOR  MODELING  BULLET  EXIT  STATE  CONDITIONS 
PREDICIED  BY  TRANSIENT  FINITE  ELEMENT  MODELS 

Steve  Wilkerscm,*  Dave  Hopkins,  and  Bruce  Held 
U.S.  Army  Research  Laboratory 
ATTN:  AMSRL-WT-PD 
Aberdeen  Proving  Ground,  MD  21005-5066 


OVERVIEW 

The  numerical  modeling  is  based  on  transient  finite  element  methods.  Using  the  manufacturing 
drawings  and  some  simplifying  geometric  assumptions,  the  gun  tubes  and  projectile  gemnetries  are 
discretized  into  a  collection  of  eight  noded  brick  elements  through  the  use  of  the  pte-  and  post-processing 
routine  Parian  [1,2].  These  brick  elements,  along  with  appropriate  loading  histories  and  boundary 
conditirars,  are  converted  by  the  Parian  translator  for  use  with  the  DYNA3D  finite  elonem  program  [3]. 
DYNA3D  analysis  is  accomplished  with  a  solver  employing  a  force  balance  approach  (i.e.,  F  =  ma).  The 
DYNA3D  solver  produces  results  which  are  further  analyzed  using  Taurus,  Masseuse,  and  the  Parian 
program.  Taums  is  a  package  that  was  developed  to  work  in  conjunction  with  DYNA3D.  It  is  a  general- 
piupose  program  that  grajAically  disidays  stress  and  strain  conditions  in  the  structure.  Parian  is  also  used 
in  a  similar  manner  and  is  often  preferred  over  Taurus  for  its  superior  graphic  capabilities.  Masseuse  was 
developed  [4]  for  extracting  specific  data  relevant  to  the  launch  dynamics  of  kinetic  «iergy  (KE)  bullets 
(e.g.,  exit  state  conditions)  and  is  used  here  for  that  purpose.  In  general,  all  three  {xograms  are  used 
extensively  for  the  extraction  of  data  obtained  from  the  finite  element  analysis. 

The  gun  system  model  is  composed  of  four  subcomponents:  the  gun  tube,  the  breech  block,  the  recoil 
system,  and  the  support  mechanisms.  The  gun  tube  is  approximately  208.7  inches  long  with  a 
4.72-diameter  bore  (120  mm).  The  thickness  of  the  gun  tube  wall  varies  along  its  length.  At  the  rear  end 
of  tire  cannon  is  a  chamber  area  approximately  6.22  iiKhes  in  diameter.  As  the  propellant  bums,  the 
resulting  high-temperature,  high-pressure  gas  accelerates  the  projectile  dovm  the  tube.  These  attributes 
are  included  in  the  model  by  coupling  an  interior  ballistics  code  calculation*  with  the  DYNA3D  solver.^ 
The  breech  consists  of  two  primary  components,  the  breech  housing  and  the  breech  block,  which  slide 
over  the  chamber  opening  to  seal  off  the  propellant  gases.  Both  components  are  ^qMoximated  by  a  single 
block  with  equivalent  mass  properties  and  geometry.  The  actual  breech  is  connected  to  the  gun  tube  by 
a  series  of  oj^xrsing  threads  and  a  locking  bolt;  though,  after  the  first  millisecond  of  propellaiU  burmng, 
the  internal  pmssuie  is  sufficient  to  fasten  these  parts  together  in  a  nearly  rigid  condititm.  As  a  result,  the 
lueech/gun  tube  interface  can  be  adequately  represented  in  the  model  by  rigidly  fastoung  the  Ineech  to 
the  gun  tube.  The  tube  is  then  overwnqjped  by  the  piston,  adapter  bearing,  and  king  and  rimist  nut 
assembly.  These  parts  constitute  the  recoiling  components  of  the  gun  system.  All  of  these  intercminecting 
parts  are  modeled  as  a  single  unit  for  the  DYNA3D  simulation  and  are  fastened  rigidly  to  the  tube  at  the 


*  The  interior  ballistics  code  IBHVG2  [5]  was  wiginally  used  for  the  three-diinensional  calculations.  However,  other  codes,  such 
as  XNOVAKTC  [6]  and  Nova  [7],  are  also  employed  ly  interior  ballistidans. 

^  Several  different  methodologies  have  been  developed,  first  by  Hopkins  [8]  and  then  by  Hopkins  and  Wilkorson  [9],  to  simulate 
the  pressure  fixmt  in  the  gun  barrel. 
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that  apfMioximate  the  bearing  surfaces  in  the  actual  system.  A  cradle  interfaces  with  tf>e  piston 
using  sliding  interfaces.  Gt^s  between  the  cradle  and  piston  are  modeled  to  simulate  the  actual 
rtifTii^nginnai  tolcranccs.  These  gaps  were  found  to  be  important  in  simulating  spedfic  attributes  of  the 
recoil  cycle  and  are  now  included  in  all  gun  models  of  the  M256  gun  system  [10].  A  mantlet  overwr^rs 
the  cradle  and  connects  the  M256  cannwi  to  the  tank  at  the  trunnions.  The  trunnions  allow  the  whole 
system  to  rotate  tmly  in  the  vertical  plane.  This  rotation  is  resisted  by  the  elevation  medianism,  which 
is  fimiiiatftd  wifli  H  Single  spring  nriiose  ccmstant  was  determined  in  static  load  tests  [11].  The  recoil 
^Ming,  located  between  the  pisum  and  cradle,  is  simulated  by  24  smaller  qxings,  graced  at  15° 
inciyments  The  constant  for  tiiese  wrings  was  r^roximated  as  a  linear  combinatkm  of  the  actual 
q^g’s  preload  and  its  spring  constant  The  resulting  approximation  was  shown  to  be  accurate  in 
capturing  the  recoil  motion  of  the  gun  for  the  first  1.5  indres  of  recod  distance,  whidi  is  roughly  ^ 

the  gun  recoils  while  the  projectile  is  in-bore  [12].  Rgure  1  shows  the  complete  system  with 
each  component  labeled. 

Two  KE  projectiles  were  modeled,  a  short  and  a  long  kinetic  energy  bullet.  The  short  bullet  is  a  KE 
training  round,  and  the  long  bullet  is  a  tactical  KE  round.  They  are  similar  rounds  in  tiiat  each  is 
cmnposed  of  two  primary  compcments,  a  lightwei^t,  three-piece  sabot  and  a  long  rod  pwvetrator.  There 
are  significant  differences  between  the  two  rounds,  however.  The  short  bullet  is  a  trairung  roimd  and  has 
a  much  lower  length-over-diameter  (L/D)  ratio  than  the  long  bullet.  Additionally,  the  short  round  uses 
a  hard  steel  rod  with  a  steel  windscreen  and  a  conical  stabilizer,  while  the  longer  bullet  has  a  high- 
strength,  depleted  uranium  (DU)  rod,  an  aluminum  windscreen,  and  aluminum  tail  fins.  The  shorter  sabot 
is  made  of  a  high-strength  aluminum,  while  die  longer  sabot  is  constructed  of  a  graphite  ctMnposite 
material.  Finally,  the  short  round  has  a  rubber  obturator,  while  the  longer  round’s  obturator  is  nylon. 

Desjnte  die  differences,  the  similarities  between  the  rounds  allow  them  to  be  modeled  in  a  similar 
manner.  In  eadi  case  the  sabots  are  modeled  by  three  indepradent  petals,  each  with  a  120°  span.  Actual 
sabot  petals  interface  with  the  penetrator  through  a  series  of  rqiposing  grooves  or  threads.  This  interface 
is  ^proximated  by  smearing  the  penetrator  and  sabot  threads  into  an  equivalent  mass  and  modulus 
representation  of  the  region.  This  ^roximadon  is  necessary  due  to  the  number  of  threads  die  model 
woirid  require  to  match  the  detail  of  the  actual  bullet.*  As  a  result,  the  stresses  in  the  region  of  the 
threads  are  understood  to  be  inaccurate.  The  approximation  is  felt  to  be  adequate  however,  since  the 
pressure  on  the  rear  ramp  of  the  projectile  clamps  die  rod  and  sabot  rigidly  together  after  1  ms  of  pressure 
buildup.  The  sabot  petals  have  sliding  interfaces  between  one  another.  There  are  also  sliding  interfaces 
between  the  gun  tube  and  the  sabot  in  the  bulkhead  and  front  scoop  regions.  The  sabot  models  also 
include  the  obturator  on  the  rear  bulkhead  surface,  and  a  sliding  interface  is  used  between  it  and  the  gun 
tube  wall.  The  interfaces  between  sabot  petals  include  g^s  roughly  equivalent  to  those  diat  exist  in  the 
actual  rounds  at  room  temperature.  A  not-to-scale  shaded  image  of  the  finite  element  model  is  given  in 
Figures  2  and  3  of  the  short  and  long  bullets,  respectively. 


*  In  other  words,  the  discretization  required  to  model  the  grooves  would  increase  the  number  of  elements  in  the  model,  slowing 
the  analysis  time  and  increasing  the  initial  stages  of  setting  tqj  the  problem  signiflcantly.  It  is  believed  that  this  additional  work 
would  not  benefit  the  model  sufficiently  to  justify  the  costs. 
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Figure  1.  Finite  element  model  of  the  M256 


WILKERSON.  HOPKINS.  AND  HELD 


h' 


Figure  2.  Finite  element  model  of  the  short  bullet 


Figures.  Finite  element  model  of  the  long  bullet 
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RESULTS 

During  ttie  fall  of  1994,  a  large  firing  test  was  conducted  at  Aberdeai  Proving  Ground.  During  this 
test,  both  Iwtg  and  short  ammunition  were  fired.  A  total  of  12  gun  tubes  were  used  during  this  test  Out 
of  this  sample,  two  gun  tubes  (serial  numbers  5064  and  4087)  were  sdected  for  raunerical  simulations  on 
the  basis  of  how  they  shot  the  long  and  short  ammunition:  tube  4087  tended  to  shoot  riwit  and  long 
ammunition  much  lower  on  the  target  than  average,  while  5064  tended  to  shoot  mudi  higher.  The 
eentpriinp  profiles  of  the  two  gun  tubes  were  obtained  ftom  the  Watervliet  Arserud  Quahty  Assurance 
Wvision,  which  records  the  final  profile  at  the  end  of  the  manufacturing  process  [13].  It  is  important  to 
note  tfiat  the  centerline  {Hofiles  for  both  gun  tubes  fell  within  die  acceptaUe  tolerances.  These  jMofiles 
were  inmfpnratwt  into  tfie  DYNA3D  gun  dynamics  simulation  so  that  the  influence  of  centeriine  luofile 
could  be  examined  for  a  simulated  firing.  It  is  important  to  note  that  the  results  of  die  simulation  are 
ctmsidered  to  be  accurate  in  terms  of  predicting  trends,  but  are  probaWy  not  reliable  in  terms  of  sdisolutes. 
Therefore,  the  modeling  was  ideal  for  this  ai^licadon. 

Gun  tube  5064  and  4087  centerline  profiles  are  summarized  in  Figures  4  and  5.  The  Watervliet 
Arsenal  craterline  data  (both  horizraal  and  vertical)  includes  two  sets  of  measuremrats.  In  one,  the  gun 
tube  is  oriented  as  it  will  be  mounted  in  the  tank.  In  the  other,  the  gun  tube  is  rotated  180°  and 
remeasured.*  The  two  measuremrats  provide  all  the  information  necessary  to  determine  the  tube’s  shape 
independent  of  gravity  droop  and  approximation  of  the  shape  of  die  tube  in  the  tank.  Use  of  both  sets 
of  measuremrats  also  allows  an  estimation  of  the  measurement  error.  As  can  be  seen  in  the  figures,  the 
tubes  mirror  one  another  in  the  vertical  planes. 

Table  1  «niinmari7i»s  die  cxit  state  conditions  obtained  from  the  simulations  for  the  two  different 
jMojectile  types  in  die  two  different  gun  tubes.  Column  rae  in  Table  1  gives  the  results  for  the  short 
round’s  exit  state  condition  just  as  it  exits  the  muzzle  of  gun  tube  4087.  The  vertical  velocity  is  calculated 
by  vertical  momentum  of  each  element  and  dividing  the  total  by  the  total  mass.  The 

horizontal  velocity  is  obtained  in  the  same  manner.  Pitch  and  yaw  rates  are  found  by  summing  the 
moment  of  momentum  about  the  center  of  gravity  of  the  projectile  in  the  vertical  and  horizontal  planes, 
respectively.  The  short  round  firing  simulations  from  gun  tube  5064  arc  summarized  in  column  2.  As 
can  be  sera,  the  two  different  tube  sh^ies  have  a  considerable  effect  on  the  vertical  and  horizontal 
velocities  of  the  bullet  at  shot  exit  However,  they  do  not  change  the  rotational  rates  significantly. 
rniiimns  3  and  4  |MOvide  similar  summaries  for  the  longer,  more  flexible  round.  For  the  longer,  more 
flexible  projectile,  the  difference  in  tube  shape  seems  to  have  a  much  greater  effect  on  the  rotational  rates. 
The  large  differences  in  the  long  round’s  rotational  rates  between  the  gun  tubes  helps  explain  the  large 
differrace  that  was  observed  in  the  mean  point  of  impact  for  the  longer  ammunition  when  fired  from  the 
two  gun  tubes. 


*  The  first  measurement  is  done  with  stqjpoits  at  405  and  1,853  mm  fiom  the  breech  end  of  the  gun  tube  with  the  site  of  the 
gun  at  dead-top<«nter.  When  the  tube  is  rotated  180®,  the  actual  vertical  profile  is  rotated  with  it  However,  the  gravity  droop 
remains  unchanged  so  kmg  as  the  supports  remain  the  same.  Hence,  based  on  these  two  measurements,  the  ^  profile 
resulting  from  the  manufacturing  process  and  the  gravity  droop  can  be  determined  using  the  linear  relationship  obtained  during 
the  measurement  process.  The  error  associated  with  the  measurement  is  approximately  15%  on  the  average.  For  further  details, 
see  Wilk^son  [14]. 
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Final  Centerline  Tube  SN5064 


4.  Vertical  (solid)  and  horizontal  (dashed)  centeiline  profiles  of  tube  5064. 

Final  Centerline  Tube  SN4087 


Figures.  Vertical  (solid'!  and  horizontal  (dashed!  centerline  profiles  of  tube  4087 
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Table  1.  Short  vs.  Long  Ammunition  Comparison 
Two  Tubes  (No.  4087  and  No.  5064) 


Short  Round 
G/r4087 

Short  Round 
G/r5064 

Long  Round 
G/r4087 

Long  Round  1 
G/r5064  1 

Vertical  Velocity 

-128.5 

15.8 

-46.21 

0.558 

Horizontal  Vdocity 

59.1 

87.7 

22.76 

45.2 

Pitch  Rate 

6.2 

6.15 

-1.5 

-3.13 

Yaw  Rate 

-5.97 

-5.08 

-4.26 

2.1 

Another  observation  that  can  be  made  from  the  simulation  is  that  a  correlation  between  the  projwtile’s 
vertical  and  horizontal  velocities  and  the  gun  tube  slu^  may  exist  At  diot  exit,  the  jMxyectile  Im^ntal 
and  vertical  velocity  vectors,  for  both  projectile  types,  is  less  positive  from  tube  4087,  tiian  it  is  from 
tube  5064. 


CONCLUSION 

The  long  and  short  120-mm  tank  ammunition  was  fired  from  several  gun  tubes,  and  differences  were 
seen  in  the  mean  prrint  of  impact  between  the  various  gun  tubes.  The  magmtude  of  flie  difference  was 
greater  for  the  longer  round  than  for  die  shorter  one.  An  attempt  was  made  to  simulate  the  firing  of  the 
two  ammunition  types  from  two  different  gun  tubes.  The  goal  of  this  simulation  was  to  extract  the  exit 
state  conditions  of  the  projectiles  as  they  exited  the  gun  tubes.  These  conditions  were  then  used  to  explore 
possible  reasons  for  tire  gun  tube  and  ammunition  differences  noted  during  the  firing  test  The  gun  tubes 
chosen  had  vertical  profiles  which  were  mirror  images  of  one  another  and  also  exhibited  very  large 
differences  in  their  mean  points  of  impact  When  the  simulations  were  ran  using  the  DYNA3D  finite 
element  code,  trends  which  could  help  explain  tire  firing  test  results  were  seen.  Linear  velocity  states  were 
consistent  across  a  gun  tube  and,  most  importantly,  change  in  tube  shape  seemed  to  affect  the  longer  bullet 
mote  than  the  shorter  one  in  terms  of  pitch  and  yaw  rate. 
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ABSTRACT: 


The  ambitious  requirements  for  a  high  first  round  hit  probability  of  guns  have  been 
more  and  more  extended  by  the  additional  demand  for  a  defined  dispersion.  Today 
these  stringent  requirements  are  typical  for  the  development  of  modem  gun  systems. 
Asymmetric  muzzle  and  projectile  tail  geometries  are  two  of  several  reasons  for  a  non¬ 
optimum  flight  and  hit  performance  of  spin-stabilized  projectiles.  To  investigate  these 
effects  a  7.62  mm  rifled  test  fixture  was  used  to  fire  NATO  standard  ammunition.  For 
the  experiments  described,  the  normally  small  muzzle  and  projectile  asymmetries  were 
enlarged  in  a  well  defined  way  in  order  to  exceed  other  minor  effects.  Inclinations  of 
0°  (normal  shape),  5°,  10°  and  15°  were  machined  at  the  projectile  base  and  at  the 
muzzle.  At  muzzle  exit  time  the  asymmetries  were  oriented  into  different  directions. 
Under  these  conditions  firings  were  performed  separately  for  muzzle  and  projectile 
asymmetries.  In  addition,  also  the  influence  of  the  combination  of  both  was  investi¬ 
gated.  The  deviation  measured  for  the  "worst"  combination  was  more  than  3  mrad. 
For  all  firings  the  hit  point  could  be  related  to  the  orientation  and  the  amount  of  the 
asymmetries. 
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INTRODUCTION 

The  ambitious  requirements  for  a  high  first  round  hit  probability  of  guns  have  been  more 
and  more  extended  by  the  additional  demand  for  a  defined  dispersion.  Today,  these  stringent 
requirements  are  typical  for  the  development  of  modem  gun  systems.  If  these  demands  are  not 
achieved  this  could  lead  to  a  rejection  of  the  whole  gun  system.  Therefore,  it  is  necessary  for  the 
designer  of  new  weapon  systems  to  know  the  effects  which  influence  the  hit  accuracy.  Asymmetric 
muzzle  and  projectile  tail  geometries  are  two  of  several  reasons  for  a  non-optimum  flight  and  hit 
performance  of  spin-stabilized  projectiles. 

Separation  of  a  projectile  from  its  launcher  involves  not  only  the  termination  of  mechanical 
support  but  also  a  release  of  the  gas  seal  which  retains  the  propellant  gases  [1,2],  Since  the  initial 
flow  velocities  in  this  field  are  significantly  higher  than  the  projectile  launch  velocity,  the  projectile 
is  rapidly  engulfed  in  the  muzzle  gas  flow  (Figure  1).  The  typical  blunt  body  shock  standing  at  the 
stem  of  the  projectile  clearly  illustrates  that  the  projectile  is  being  subject  to  intense  gasdynamic 
loadings.  Asymmetric  projectile  and/or  muzzle  geometries  can  cause  an  amplification  of  the  effects 
of  these  loadings  experienced  by  the  projectile  in  passing  through  the  flow  wWch  directly  and  indi¬ 
rectly  influences  its  resultant  trajectory.  Therefore,  it  is  of  interest  to  examine  the  nature  and  the 
consequences  of  these  loadings. 

For  the  experiments  described  below,  the  normally  small  muzzle  and  projectile  asymmetries 
were  enlarged  (cf  Figure  2).  The  inclination  as  well  as  the  orientation  of  the  asymmetries  were 
changed  for  the  different  firings.  Under  these  conditions  tests  were  performed  separately  for 
muzzle  and  projectile  asymmetries.  In  addition,  also  the  influence  of  the  combination  of  both  cases 
was  investigated.  The  hit  and  flight  performance  was  recorded  by  means  of  the  free  flight  range 
equipment. 

The  flight  and  hit  performance  of  the  projectiles  is  widely  established  during  the  transitional 
ballistic  phase  (muzzle  exit  until  muzzle  blast  leaving).  A  direct  influence  on  the  projectile  trajec¬ 
tory  is  given,  for  example,  by  the  asymmetric  pressure  distribution  within  the  muzzle  blast.  In 
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addition,  the  undisturbed  flight  path  is  changed  indirectly  by  the  stimulation  of  the  angular  motion 
of  the  proieailes  ("aerodynamic  jump").  The  static  and  dynamic  unbalance  of  the  projectiles,  a 
consequence  of  the  inclined  tail  geometry  (Fig.  3),  is  an  example  of  a  mixture  of  both  direct  (static 
unbalance)  and  indirect  (dynamic  unbalance)  influence  on  the  hit  performance. 


Mach  Disc 
FREE  JET 


Figure  1  Steady  flow  model  (taken  from  [1]);  propellant  gas  shock  structure 


b) 


a) 


Position  of  the  long  edge  of  the  barrel 
during  firing.  _  .  , 

0“;  up:  90®;  left:  180*  down;  270*;  right 


b)  Position  of  the  long  edge  of  the  projeaile 
during  muzzle  exit. 

5  s  0  .  up:  6  =  90*:  right; 

5  =  1 80®;  down;  5  =  z70*;  left 


Figure  2  Positions  of  the  long  edges  of  muzzle  and  projectile  during  firing 
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Preceding  test  firings  proved  that  mutual  mechanical  gun  projectile  interactions  did  not 
significantly  influence  the  flight  and  hit  performance  of  the  projectiles.  The  initial  velocities  were 
measured  to  range  from  810  m/s  to  825  m/s. 

For  the  experiments  described  the  normally  small  muzzle  and  projectile  asymmetries  were 
enlarged  in  a  well  defined  way  in  order  to  exceed  other  minor  effects  (cf  Figure  2).  Inclinations  of 
0°  (normal  shape),  5°,  10°  and  15°  were  machined  at  the  projectile  base  and  at  the  muzzle.  At 
muzzle  exit  time  the  asymmetries  were  oriented  into  different  directions  (0°:  up;  90°:  right;  180°: 
down;  270°:  left).  The  projectile  fired  in  these  tests  is  fi-om  a  7.62  mm  NATO  standard  ammuni¬ 
tion.  Physical  and  aerodynamic  properties  of  such  a  bullet  are  summarized  below  [5]: 


L  =  28.9  mm 
D  =  7.62  mm 
mp  =  9.45  g 
Vo  =  820  m/s 


I2  =  56  g  mm^ 
It  =  445  g  mm^ 
Cdo  =  0.3 
Cl5  =  2.3 


Cms  -  1.8 
Sg  =  2.2 
s  =  10.7  mm 
rifling  =  40  cal/rev. 


The  data  of  the  machined  projectiles  are  presented  in  Figure  3. 


Tests  were  conducted  in  the  EMI  aeroballistic  range  [3]  using  the  instrumentation  shown 


Figure  4.  Data  are  taken  fi-om  ten  range  stations  and  an  impaa  card  downrange.  Each  range  sta¬ 
tion  takes  a  set  of  orthogonal  direct  spark  shadowgraphs  of  the  projectiles  and  records  the  time  of 
spark  breakdown.  Thus,  a  set  of  stations  may  be  used  to  measure  projectile  position,  orientation 
and  direction  of  motion  as  a  function  of  time. 


The  actual  aeroballistic  testing  was  conducted  in  two  phases.  Phase  I  only  recorded  the 
amount  and  the  orientation  of  the  deviation  as  a  function  of  the  projectile  or  the  muzzle  asymme¬ 
try.  Some  shots  were  fired  additionally  to  demonstrate  the  combined  influence  of  both.  For  these 
tests  we  only  had  to  evaluate  the  projectile  position  in  the  plane  of  the  impact  card  downrange 
related  to  the  aiming  point  of  the  gun  system. 


In  phase  n  we  tried  to  find  out  the  physical  reasons  for  the  deviations  measured.  There¬ 
fore,  we  had  to  evaluate  the  fi-ee  flight  data  recorded  using  the  fi-ee  flight  range.  In  normal  use,  the 
measured  yawing  motion  of  a  spin-stabilized  projectile  is  fit  by  a  least  squares  analysis  to  the 
equation  of  the  damped  epicycle  and  used  to  evaluate  aerodynamic  coefficients.  For  the  present 
test  data,  only  the  yawing  motion  of  the  projectile  in  the  immediate  vicinity  of  the  muzzle  is  of 
interest.  Thus,  a  simplified  data  reduction  was  performed.  In  particular,  the  yawing  velocity  at  the 
muzzle  was  computed.  Comparisons  of  these  data  for  the  various  muzzle  configurations  indicate 
the  effect  of  gasdynamic  loadings  due  to  the  presence  of  asymmetries.  In  addition,  projectile 
impacts  into  the  yaw  card  downrange  indicate  the  effect  of  these  muzzle  loadings  on  the  mean 
projectile  trajectory. 
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Figure  3  Change  of  the  static  (e)  and  the  dynamic  ((p)  unbalance  by  varying  the  inclination 
a)  Projectile  data  as  a  function  of  a;  b)  Schematic  drawing  of  the  projectile 


DESCRIPTION  OF  THE  FACILITY 

The  free  flight  tests  were  conducted  in  the  100  m  aeroballistic  range  of  the  Emst-Mach- 
Institut  (EMI)  (Figure  4).  It  is  part  of  the  research  facilities  of  the  EMI  Propulsion  Division.  This 
facility  is  an  indoor  range  used  to  examine  the  exterior  ballistics  performance  of  various  free  flight 
configurations  in  a  caliber  range  between  5  mm  and  40  mm  and  in  a  velocity  range  from  300  m/s 
up  to  3000  m/s  [3,4],  It  contains  a  gun  room  including  blast  chamber,  a  control  room  and  the 
instrumented  range.  Presently  up  to  20  direct  photo  stations  are  available  which  can  be  shifted  in 
the  flight  direction  and  replaced  or  completed  by  yaw  cards,  if  necessary.  Every  station  yields  a  set 
of  orthogonal  shadowgraphs.  Infrared  light  sensors  detect  the  passage  of  the  projectile  separately 
at  all  photographic  stations  and  trigger  the  spark  sources.  Since  the  film  is  illuminated  directly, 
high  quality  photographs  are  obtained  (Figure  5).  The  nominal  operating  conditions  of  the  range 
are  20  degrees  Celsius  and  standard  atmospheric  pressure. 
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Figure  4  The  100  m  free  flight  aeroballistics  range  of  the  Emst-Mach-Institut 


vertical  horizontal 

Figure  5  Set  of  orthogonal  direct  photographs  taken  in  the  free  flight  range  (vo  =  815  m/s;  7.62 
NATO  standard  ammunition;  machined  projectile,  a  =  10°) 


EXPERIMENTAL  TEST  CONDITIONS  AND  EVALUATION 

Since  it  was  planned  to  carry  out  fundamental  tests  to  demonstrate  the  effects  mentioned 
above,  a  small  caliber  equipment  could  be  employed  in  order  to  save  costs.  Therefore,  a  7.62  rifled 
test  fixture  was  used  to  fire  NATO  standard  ammunition. 
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EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Data  are  presented  in  the  range  coordinate  system  looking  from  the  breech  of  the  gun 
downrange.  The  yaw  is  also  represented  in  the  6-\|/-plane. 

In  phase  I  of  the  investigation  we  only  were  interested  in  the  projectile  downrange  impacts 
as  a  function  of  the  muzzle  and  projectile  tail  asymmetries.  For  different  muzzle  asymmetries  ^  - 
5“-  10°'  15®  “  Fig  2)  Figure  6  indicates  the  deviations  measured  at  a  distance  of  100  m  for  differ¬ 
ent  orientations  of  the  muzzle  inclination  (0®;  90®;  180®;  270®  -  Fig.  2).  The  deviations  of  the  aver¬ 
aged  impact  data  from  three  shots  were  directed  right  to  the  plane  of  inclination. 
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Figure  6  Yaw  card  impacts  (averaged  impact  data  from  three  shots)  100  m  from  the  muzzle. 

Standard  ammunition  without  asymmetry.  Variation  of  muzzle  inclination  and  orienta- 
tion  of  muzzle  inclination.  A:  P  =  5®;  O:  P  =  10°;  □:  P  =  15® 

Orientation  of  muzzle  inclination  (Fig.  2); 

1:  180°;  2:  270°;  3:  0°;  4;  90°;  5:  225°;  6:  45® 

For  the  next  series  of  firings  within  phase  I  we  only  changed  the  projectile  tail  asymmetry 
(a  =  5°;  10°;  15°  -  Fig.  2)  and  the  orientation  of  this  asymmetry  at  muzzle  exit  (0°;  90°;  180°;  270° 
-  Fig.  2).  The  averaged  impact  values  are  given  in  Figure  7.  Again,  the  amount  of  the  deviations 
did  grow  with  the  angle  of  the  inclination,  but  the  direction  of  the  deviation  was  no  longer  directed 


4-7 


Warken 


right  to  the  projectile  tail  inclination.  There  was  an  additional  clockwise  angular  rotation  which 
nearly  was  equal  for  all  impact  values.  This  will  be  discussed  together  with  the  results  obtmned  in 
phase  n. 


Figure  7  Yaw  card  impacts  (averaged  impact  data  from  three  shots)  100  m  from  the  muzzle. 

Muzzle  without  asymmetry.  Variation  of  projectile  tail  inclination  and  orientation  of 
the  inclination  at  muzzle  exit.  A;  a  =  5°;  O:  a  =  10°;  □;  a  =  15° 

Orientation  of  muzzle  inclination  (Fig.  2);  1:  0°;  2:  90°;  3  :  180°;  4:  270° 


For  eight  additional  single  shots  we  combined  muzzle  and  projectile  asymmetries.  These 
firings  demonstrated  that  the  amount  |a|  as  well  as  the  orientation  y  of  the  impact  data  reported 
above  nearly  add  independently.  Figure  8  shows  the  result  of  four  of  these  single  firings. 


Evaluating  the  phase  II  firings  we  tried  to  get  information  about  the  physical  reasons  for 
the  deviations  measured  in  phase  I.  Assuming  that  for  our  test  conditions  mechamcal  as  well  as 
direct  gasdynamic  loadings  do  not  affect  significantly  the  projectile  motion  it  seemed  to  be  reason¬ 
able  that  the  deviations  caused  by  the  aerodynamic  jump  [6]  and  the  static  unbalance  [7]  could 


explain  the  hit  and  flight  performance  of  the  projectiles. 
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Fieure  8  Comparison  of  single  shot  impacts  □  (muzzle  (m)  and  tail  (t)  asj^etries)  mth  the 

^  vectorial  addition  of  the  data  recorded  separately  for  muzzle  and  projectile  tail  asym- 

metries  (see  also  Figures  6  and  7) 


Employing  the  free  flight  range  photo  stations  we  recorded  in  seven  single  shots  the  down- 
range  yawing  motion  of  the  projectiles  and  determined  the  angular  velocity  at  the  muzzle  by  extra¬ 
polation.  Using  equation  (1) 


we  could  calculate  the  aerodynamic  jump  deflection  caused  by  the  angular  motion  of  the  projectile 
in  the  free  flight  phase  [6],  Equation  (2)  gives  the  relation  between  the  static  unbalance  of  the 
machined  projectiles  (e)  (see  also  Figure  3)  and  the  deviation  [7]. 


This  part  of  the  total  deflection  is  responsible  for  the  clockwise  impact  rotation  shown  in 
Figure  7.  The  consequence  of  the  dynamic  unbalance  ((p)  concerning  the  projectile  impact  is  given 
in  formula  (3)  [7], 
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6* 


stat  “ 


It 

^Mg  mpDVo 


6o  +  i 


la«>0  g 
mpDvo  ° 


(3) 


For  a  new  barrel  the  initial  angle  of  attack  6o  within  the  barrel  is  assumed  to  be  zero. 
Therefore,  the  second  term  of  equation  (3)  can  be  neglected.  Since  the  dynamic  unbalance  part  of 
the  total  deviation  is  already  included  in  the  evaluated  free  flight  data  we  can  confine  to  the  aero¬ 
dynamic  jump  and  the  static  unbalance  as  explanation  of  the  projectile  deviation. 

Figure  9  shows  for  four  shots  a  comparison  between  the  experimental  impact  data  and  the 
computed  (U  +  values.  For  shot  number  4  (a  =  10“,  orientation  0”;  P  =  10°,  orientation 
180°)  the  aerodynamic  jump  part  (5o)  and  the  static  unbalance  part  (s)  are  specified.  In  this  case 
the  values  of  s  and  5o  are  27  pm  and  218  rad/s.  For  the  other  six  shots  the  data  are  given  in  Table 
1.  The  agreement  between  the  calculated  the  measured  impact  data  is  good. 


Table  1.  Comparison  of  computed  and  experimental  hit  points  for  seven  single  shots 
(computation  includes  aerodynamic  jump  and  static  unbalance  effects). 

See  also  Figure  9 


Shot 

No. 

|a|  [mrad] 
exp. 

|a|  [mrad] 
theory 

YH 

exp. 

YH 

theory 

1 

a  =10°;  90° 

p  =  o° 

1.41 

1.40 

141 

124 

2 

a=  15°;  270° 

p  =  o° 

2.39 

2.11 

321 

306 

3 

a  =  0° 

p=  10°;  180° 

1.19 

1.04 

0 

0 

a  =  0° 

P  =  15°;  180° 

2.37 

1.88 

0 

0 

4 

a  =10°;  0° 
p  =  10°;  180° 

2.54 

2.35 

24 

20 

a  =10°;  180° 

P=  15°;  180° 

1.76 

1.34 

317 

309 

a=  10°;  90° 

P  =  15°;  180° 

1.48 

1.54 

39 

44 
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□  Experiment 

O  Computation:  -  aerodynamic  jump,  5o 
-  static  unbalance,  e 


©  a=10^90° 

p  =  o° 


@  a  =15®,  270° 

p  =  o° 


©  a  =  0° 

p=  10°,  180° 


@  a  =  10°,  0° 

p  =  10°,  180° 


Figure  9  Comparison  of  computed  and  experimental  impact  data  of  four  different  shots 


CONCLUSION 

An  experimental  program  was  designed  which  permits  variations  in  projectile  trajectory 
due  to  muzzle  and/or  projectile  asymmetries.  Neglecting  other  minor  effects  aerodynamic  jump 
and  static  unbalance  deflections  could  explain  the  projectile  impact  data  concerning  the  amount 
and  the  orientation  of  the  deflections.  The  resulting  comparison  of  experimental  ^tid  computed 
data  provides  insight  into  the  gasdynamic  effects  which  influence  the  projectile  motion  in  presence 
of  muzzle  and/or  projectile  tail  asymmetries. 
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LIST  OF  SYMBOLS 
|a|  Deviation 

b  Outer  barrel  diameter  at  the  muzzle 
Cdo  Drag  coefficient  at  zero  angle  of  attack 

Cls  Lift  force  coefficients 

Cm8  Static  moment  coefficient 

D  Caliber 

Ia  Aerodynamic  jump 

I,  Axial  moment  of  inertia 

L  Transverse  moment  of  inertia 

L  Projectile  length 

M  Mach  number 

mp  Projectile  mass 

s  Center  of  gravity  distance  to  the  projectile  stem 
Sg  Gyroscopic  stability  factor 

Vo  Muzzle  velocity 

x,y,z  Coordinates 

a  Angle  of  projectile  tail  inclination 

P  Angle  of  muzzle  inclination 

y  Orientation  of  the  deviation 

8  Angle  of  attack 

6  0  Angular  velocity  at  muzzle  exit 

6*fut  Deviation  caused  by  a  static  unbalance 
e  Eccentricity  -  static  unbalance 

(p  Axis  of  inertia  orientation 

Oo  Spin  rate  at  the  muzzle 

\|/  Augle  of  precission 
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Abstract 

A  six  degree  of  freedom  exterior  ballistic  code 
(BANG)  was  used  to  model  the  flight  dynamics  of 
120mm  fin  stabilized  hypervelocity  projectiles.  The 
code  was  used  to  predict  the  flight  characteristics 
and  impact  of  the  120mm  M866  projectile.  These 
predictions  were  then  compared  with  corresponding 
data  from  actual  firing  tests.  For  the  impact 
prediction  stucfy,  the  initial  conditions  at  the  muzzle 
were  determined  from  the  gun  dynamics  code, 
LITTLE  RASCAL.  No  sabot  discard  contribution  to 
projectilejump  was  studied  in  this  work.  The 
current  study  found  the  projectile  aerodynamic 
coefficients  were  very  sensitive  to  predicting  the 
flight  characteristics  of  the  projectile,  especially  in 
the  vicinity  of  the  muzzle.  BANG  was  able  to 
predict  the  flight  of  the  projectile  with  good  results 
and  predict  the  impact  of  the  M866  projectile  to 
within  0.52  and  0.4  milliradians  of  actual  impact 
measurements  for  tubes  85  and  104,  respectively. 

Introduction 

The  need  for  greater  accuracy  in  tank  main 
guns  has  dictated  greater  emphasis  be  placed  on, 
among  other  things,  the  flight  dynamics  of  fin 
stabilized  projectiles.  These  hypervelocity 
projectiles,  fired  out  of  conventional  cannons,  follow 
a  ballistic  trajectory  that  is  strongly  influenced  by  the 
conditions  at  the  muzzle  at  the  start  of  flight. 
Currently  there  are  large  efforts  to  quantify  the 
influence  of  each  parameter  on  the  overall  accuracy 
of  a  particular  gun/ammunition  combination.  This 
present  work  presents  an  alternative  method  to  the 
existing  exterior  ballistic  repertoire  to  study  the 
djnamic  behavior  of  hypervelocity  projectiles. 

The  goal  of  this  present  study  is  to  predict  the 
strike  of  a  hypervelocity  discarding  sabot  projectile 
on  target.  In  order  to  do  this,  all  sources  of  error 
associated  with  the  launch  and  flight  of  the  projectile 
must  be  accounted  for.  Much  study  has  been  done  in 
the  past  to  determine  the  sources  of  error  and  the 
importance  of  each  (references  1-8).  The  importance 


of  understanding  the  sources  of  error  is  critical  when 
one  attempts  to  hit  a  target  at  ranges  of  3000  meters. 
The  launch  process  consists  of  a  sequence  of  coupled 
mechanical  and  gasdynamic  interactions  leading  up 
to  free  flight  of  the  projectile.  The  different  codes 
used  to  describe  each  process  were  first  coupled  by 
reference  15. 

The  projectile  in  this  present  study  is  a  rigid 
metal  rod  with  fins.  It  is  held  in  the  gun  bore  by 
three  sabot  petals  which  are  discarded  after  the 
projectile  clears  the  muzzle.  Since  the  gun  tube  is 
not  straight  due  to  manufacturing  tolerances,  the  gun 
and  projectile  experience  large  lateral  forces  as  the 
projectile  is  accelerated  down  this  bent  tube.  These 
lateral  forces  cause  the  muzzle  of  the  gun  to  move 
from  its  initial  position  by  the  time  the  projectile 
reaches  the  muzzle.  At  the  muzzle,  the  gun  is 
pointing  away  from  the  initial  aim  point,  it  is 
moring  with  some  velocity  in  the  vertical  and 
horizontal  planes,  and  the  projectile  has  some  initial 
yaw  and  yaw  rate.  The  sabot  petals,  once  clear  of  the 
muzzle  experience  some  elastic  decompression  due 
to  the  large  spring  factors  they  possess  being 
released  from  the  compressing  force  of  the  gun  tube. 
Depending  on  the  design  of  the  projectile,  the  sabot 
will  have  three  or  four  petals.  Ideally  these  will  all 
clear  the  muzzle,  rotate  away  from  the  subprojectile, 
pick  up  large  aerodynamic  drag  due  to  their  large 
angles  of  attack  and  fall  aw'ay  from  the  subprojectile 
in  a  symmetrical  manner. 

Since  the  gun  tube  is  not  straight  and 
consequently  the  projectile  has  initial  yaw  angles  and 
velocities  as  well  as  the  sabot  petals  having  an 
asymmetrical  discard  pattern,  the  ideal  launch  of  the 
projectile  is  rarely,  if  ever,  seen.  The  asymmetric 
discard  of  the  sabot  petals  places  large  asymmetric 
forces  on  the  subprojectile  which  further  adds  to  the 
difficulty  of  predicting  impact. 

The  inbore  dynamics  have  been  estimated  with 
LITTLE  RASCAL,  ref.  10  and  SHOGUN,  refs.  11 
and  12.  The  muzzle  blast  loading  has  been 
calculated  analytically,  ref  13,  and  the  Sabot  discard 
has  been  calculated,  ref  14.  The  existing  works  in 
the  literature  have  calculated  the  trajectory 
analytically  ref.  15.  This  present  work  uses  the  gun 
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dynamics  code,  LITTLE  RASCAL,  ref.  10,  to 
calculate  the  muzzle  conditions  of  the  projectile  and 
these  conditions  are  then  used  in  the  exterior 
ballistic  code,  BANG,  ref.  9,  to  calculate  the 
trajectoiy  from  the  muzzle  to  the  target.  These 
calculate  results  are  compared  with  the 
experimental  results  of  two  gun  tubes  reported  in 
reference  15. 

Theoretical  Develonment 


The  projectiles  being  considered  here  are  essentially 
bodies  of  revolution  (with  the  exception  of  the  fins  of 
course)  so  the  simplest  form  of  the  moment 
equations  is 

L  =  hp' 

M  =  Iq'-iI-I,)rp  (2) 

N  =  Ir’-{I,-I)pq 


A  bod^-fixed  reference  frame  was  chosen  for 
this  study  since  the  dynamic  behavior  of  the  vehicle 
is  the  main  object  of  study.  Since  body  axes  have 
played  an  important  role  in  flight  dynamics,  the 
tra^tional  notation  associated  with  them  is  used 
here,  ref  16-18.  The  equations  of  motion  for  a  rigid 
body  in  free  flight  are  developed  using  a  body-fixed 
coordinate  system,  figure  1.  The  origin  of  the  body 
axes  is  the  vehicle  center  of  mass,  C.  The  angular 
velocity  of  the  body  relative  to  an  inertial  frame  is  cd 
(/?,  q,  r)  and  the  components  of  the  velocity,  V  are  (w, 

V.  h). 

The  earth  is  treated  as  flat  and  non-rotating  in 
this  study  since  the  time  of  flight  for  these  vehicles  is 
on  the  order  of  1  second.  Thus,  the  earth’s  surface 
can  be  considered  an  inertial  reference  frame.  In 
order  to  describe  the  orientation  of  the  body-fixed 
coordinate  system  relative  to  an  earth  bound 
observer,  we  must  define  three  angles,  vj/,  e,  <}>  which 
are  the  consecutive  rotations  about  the  axes,  z,  y,  x. 
These  are  the  Euler  angles. 

In  order  to  properly  account  for  the  yaw  of  the 
projectile  with  respect  to  the  relative  wind,  two 
aerodynamic  angles  must  be  defined.  The  angle  of 
attack,  a,  is  the  angle  between  the  vehicle  and  the 
relative  \rind.  The  angle  of  inclination^  p,  is  the 
inclination  of  the  plane  containing  the  relative  vind 
^’ecto^.  Now  the  equations  of  motion  can  be 
developed  using  this  coordinate  s>^stem. 

Equations  of  Motion  in  Body  Axes 

The  aerodynamic  force  in  body  axes  is  denoted 
as  [X,  Y,  Z].  The  scalar  equations  can  then  be 
w  ritten  as 


The  Euler  angular  rates  then  become 

=  />-i-^sin^tan^-brcos^tan^ 

0'  =  qcos^-rsin^  (3) 

y/*  =:qs\n^scc0  +  rcos^sec6 


The  position  of  the  vehicle  relative  to  the  earth  can 
now  be  given  by 

=  1/ cos 6 cosy/  v(sin (j> sin 6 cos y/  -  cos (f> sin  y/) 

+M'(cos  ^  sin  0  cos  ^  +  sin  sin  y/) 

=  w  cos  ^  sin  +  v(sin  ^  sin  ^  sin  +  cos  ^  cos  y/) 

+w(cos  ^  sin  ^  sin  sin  <l>  cos  y/) 

= -ft/sin0-“  vsin^cos^-M^cos^cos^ 

(4) 

The  aerodynamic  forces  used  in  equation  1  are  given 
by 


(5) 


The  moments  used  in  equation  2  are  given  by 

X  -  mg  sin  0  =  m[u '  +  -  n>] 

y  +  77;gcos^sin^  =  m[v'  +  r/y  -  pw]  (1) 

Z  +  mg  cos  6cos(f)-  m[w '  +  /?v  -  qu] 
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X  = 


pVlAD 


M  = 


pVlAD 


^Ud  +  Fy  C Ip 

00 

C 

~  F  2K.  ■' 


(6) 


N  = 


pVlAD 


-c„-  +— c 

2F. 


The  aerodynamic  coefficients  were  obtained  from 
ref.  19  and  vaiy  with  Mach  number  and  angle  of 
attack.  For  this  present  work  the  coefficients  used 
are  the  axial  force  coefficients,  and  C^2 
normal  force  coefficient,  ;  the  spin  producing 
coefRcient,  ;  the  spin  damping  coefficient,  C,^ ; 
the  yaw  moment  coefficient,  ;  and  the  yaw 
damping  coefficient,  C„,^ . 

The  magnitude  of  the  relative  wind  velocity  in  the 
body  reference  frame  is 

F„  =  +v^  +M>^  (7) 

The  angle  of  attack,  a,  and  the  angle  of  inclination, 
P,  are  given  by 

a  =  arctan( - ) 

/?=arcsin(^) 


With  these  equations,  the  motion  of  the  vehicle  in 
flight  can  be  modeled. 


Numerical  Results 

Comparison  Bet^veen  Experiment  and  Predictions 
Flight  Characteristics 

The  first  objective  of  this  present  study  was  to 
compare  the  predicted  flight  characteristics  of  the 
projectile  to  those  obtained  from  firing  tests.  To  this 
end  Dr.  Plostins,  ref.  20,  provided  valuable  data  from 
the  firing  test  of  the  projectile  modeled  in  this 
present  study.  The  initial  conditions  for  BANG  were 


set  to  the  initial  conditions  observed  in  the  firing 
tests  and  the  results  compared-  Table  1  shows  the 
initial  projectile  conditions  for  the  flight 
characteristics  comparison.  The  projectile  in  the 
firing  tests  was  observed  to  have  a  much  higher 
frequency  of  oscillation  in  both  yaw  and  pitch. 
Subsequent  examination  of  the  aerodynamic 
coefficients  obtained  from  the  firing  tests  could  have 
accounted  for  the  observed  differences.  BANG  was 
then  used  with  the  initial  conditions  of  the  firing  test 
as  well  as  the  experimentally  observed  values  for  the 
aerodynamic  coefficients.  The  results  are  seen  in 
figures  2a-c.  In  figure  2a  the  total  angle  of  attack  is 
seen  as  a  fimetion  of  the  downrange  distance.  The 
results  agree  fairly  well  with  the  projectile  showing  a 
slightly  higher  pitch  rate  than  that  predicted  by  the 
code.  Figure  2b  shows  the  Euler  pitch  angle  vs, 
dowiuange  distance.  The  greatest  discrepancy  is 
seen  here.  Again  the  magnitude  of  the  pitch  angle  is 
predicted  fairly  well  but  the  pitch  rate  is  under 
predicted.  Figure  2c  shows  the  Euler  yaw  angle 
which  is  good  agreement  with  the  data  of  reference 
20,  For  longer  range  flights,  the  calculations  were 
extended  to  a  target  985  meters  downrange.  The 
motion  of  the  projectile  calculated  by  BANG  is 
shown  in  figures  3  and  4.  Figure  3  shows  the  three 
Euler  angular  rates,  while  figure  4  shov^^  the  angle 
of  attack  along  with  the  Euler  pitch  and  yaw  angles. 
The  initially  high  displacements  and  rates 
characteristic  of  launch  are  seen  along  with  their 
subsequent  aerodynamic  damping.  With  these 
results  a  prediction  of  the  impact  by  two  gun  using 
the  predicted  values  of  the  muzzle  conditions  will  be 
attempted. 

Impact  Prediction 

LITTLE  RASCAL  was  set  up  for  the  120mm, 
M256  system  firing  the  M866  projectile  through 
tubes  85  and  104.  Earlier  works  have  demonstrated 
the  validit}'  of  LITTLE  RASCAL  in  predicting  gun 
tube  motion,  ref  15.  Table  2  shows  the  launch 
properties  predicted  by  LITTLE  RASCAL, 

The  center  of  impact  of  all  the  rounds  fired 
from  tubes  85  and  104  are  presented  in  Table  3 
along  with  the  predictions  of  LITTLE  RASCAL  and 
BANG. 

Figure  5  presents  these  results  graphically 
which  shows  the  predictions  close  to  the  center  of 
impact  locations.  For  tube  85  the  predictions  were 
within  0.52  milliradians  of  the  center  of  impact.  This 
is  seen  as  good  agreement  since  the  dispersion  of  this 
type  of  ammunition  is  accepted  as  about  0.3 
milliradians.  For  tube  104  the  results  were  slightly 
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better  and  were  much  better  than  the  analytical 
predictions  of  ref.  10.  The  predictions  for  tube  104 
were  within  0.4  miliiradians  of  the  center  of  impact 
measurement 

A  detailed  closure  diagram  representative  of 
this  round  is  shown  in  figure  6.  The  largest  single 
source  of  error  is  the  muzzle  pointing  angle  with  the 
projectile  yaw  angles,  and  projectile  yaw  rates 
causing  lesser  effects.  The  work  of  reference  15 
showed  that  for  the  projectile  ^s  and  velocities 
here  the  effect  of  muzzle  blast  on  accuracy  is 
negligible. 

Summary  and  Conclusions 

A  method  for  predicting  the  strike  of  fin 
stabilized  discarding  sabot  ammunition  is  presented 
along  with  a  comparison  between  predicted  and 
measured  flight  characteristics  and  the  strike  of  a 


120mm  fin  stabilized  discarding  sabot  projectile. 

The  aerodynamic  coefficients  were  found  to  strongly 
influence  any  efforts  at  predicting  the  flight 
performance  of  these  projectiles  The  LITTLE 
RASCAL/BANG  combination  predicted  the  strike  of 
the  M866  projectile  with  good  results. 

A  better  estimate  of  the  impact  point  could  be 
made  iiKX)rporating  the  sabot  discard  in  BANG. 
This  would  allow  the  sabot  discard  aerodynamics  to 
be  directly  coupled  to  the  six  degree  of  fteedom 
exterior  ballistic  code,  presumably  yielding  more 
accurate  results. 

The  LITTLE  RASCAL/BANG  code 
combination  shows  a  very  good  ability  to  treat  the 
different  gun  tubes  used  in  this  study.  Further  use 
with  different  tubes  would  strengthen  this  assertion. 
Finally,  it  appears  feasible  and  very  attractive  to  use 
the  approach  presented  here  to  create  a  virtual  zero 
for  every  tank  in  the  inventory. 


X 


Figure  1.  Body  Axis  Coordinate  System  used  in  BANG. 


Table  !•  Initial  Conditions  from  Firing  Test 


Azimuth 

Elevation 

Projectile  Yaw  Angle 
(miliiradians) 

5.74 

8.26 

Projectile  Yaw  Rate  (rad/s) 

8.62 

1.65 
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Table  2.  LITTLE  RASCAL  Predicted  Launch  Properties 


Muzzle  Pointing  Angle 
(milliradians) 

Azimuth 

Elevation 

Tube  85 

-0.289 

0.752 

Tube  104 

-0.104  I 

0.643 

Projectile  Yaw  Angle 
(milliradians) 

Tube  85 

-1.08 

0.641 

Tube  104 

-0.264 

1.07 

Projectile  Angular  Rate  (rad/s) 

Tube  85 

-0.504 

0.843 

Tube  104 

0.149 

-0.331 

Table  3.  Comparison  of  Predicted  and  Measured  Impacts 


RASCAL  BANG 

Center  of  Impact  1 

Azimuth 

Elevation 

Azimuth 

Elevation 

Tube  85 

-1.05 

0.66 

-1.42 

0.30 

Tube  104 

-0.29 

1.17 

-0.66 

1.32 
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Figure  5.  Comparison  of  measured  and  predicted  impacts. 


Figure  6.  Error  closure  diagram,  Tube  85. 
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ABSTRACT: 


It  is  possible  that  a  given  lot  of  ammunition  fired  at  the  same  aim 
point  by  two  different  tanks  will  produce  center-of-shot  impacts 
(COIs)  that  differ  in  magnitude  by  several  times  the  lot's  dispersion. 

It  is  difficult  to  discern  what  fraction  of  this  variation  is  due  to  barrel 
differences  alone,  since  changing  tubes  alters  both  the  mounting 
conditions  and  the  occasion. 

A  means  has  been  devised  to  "change  tubes"  without  altering  the 
mount,  or  the  occasion,  by  merely  changing  the  shape  of  a  given  tube 
within  the  same  mount.  This  is  accomplished  by  localized  control  of 
the  barrel’s  axial  thermal  expansion,  implemented  through  a  series  of 
temperature-controlled  heating  pads  adhered  to  the  outer  barrel  wall. 
Using  this  technique,  it  was  found  that  a  simple,  yet  very  common, 
bow-shaped  curvature  to  the  right  vs.  left,  for  example,  produced  a 
si^iificant  shift  in  the  COI,  the  magnitude  of  which  was  on  the  order 
of  the  ammunition  dispersion.  In  particular,  inducing  a  right  bow 
moved  the  muzzle  to  the  left  and  the  shot  impacts  to  the  right. 
Conversely,  forming  a  left  bow  moved  the  muzzle  to  the  right  and  the 
shot  impacts  to  the  left. 
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INTRODUCTION 

The  difference  between  the  gravity-,  wind-,  and  drag-corrected  aim  point 
and  where  a  projectile  actually  hits  the  target  is  referred  to  as  projectile  jump. 
Projectile  jump  varies  from  round  to  round,  but  in  general,  roughly  two-thirds 
of  the  rounds  vdll  hit  the  target  within  one  standard  deviation  of  the  center  of 
shot  impacts  (COI),  for  a  given  lot  of  ammunition. 

However,  the  COI  will  vaiy  from  tube  to  tube,  mount  to  mount,  and 
occasion  to  occasion.  In  a  test  with  early  production  tubes  (Walbert  and  Petty 
(11).  the  COIs  from  six  different  tank-tube  combinations  were  found  to  vaiy  by 
3  mils  (roughly  3  m  at  1,000  m)  in  azimuth  and  elevation.  It  is  likely  that 
production  tubes  today  would  show  a  smaller  variation,  maybe  half  (Webb  (2]); 
nonetheless,  a  large  source  of  error. 

It  is  difficult  to  discern  what  fraction  of  this  variation  is  due  to  barrel 
differences  alone,  since  changing  the  tubes  alters  both  the  moimting  conditions 
and  the  occasion.  The  novelty  of  the  test  described  here  is  that  the  centerline 
is  changed  without  remounting  the  barrel;  thus,  there  is  no  doubt  that  the 
alteration  in  the  bore  profile  is  the  sole  source  of  the  COI  change. 


CONTROLLING  THE  CENTERLINE 

A  series  of  heating  pads  was  adhered  to  the  outer  wall  of  an  M256  barrel 
(serial  number  2971),  as  illustrated  in  Figure  1.  In  the  center  of  each  pad  was 
a  small  hole  that  accommodated  the  placement  of  a  thermocouple  used  to 
measure  the  barrel  temperature.  The  temperature  of  the  barrel  under  each  pad 
could  be  stabilized  by  automatic,  or  manual,  control  of  the  heating  pad's  on-off 
switch.  The  heating  pads  were  used  to  create  cross  barrel  temperature 
differences  (CBTDs)  that  in  turn  produced  uneven  axial  thermal  expansion, 
thus  changing  the  bore  centerline. 
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Control  Box 

Figure  1 .  Illustration  of  temperature-controlled  M256  gun  barrel. 

Since  heating  the  barrel  creates  a  turbulent  bore  atmosphere,  it  is  not 
possible  to  directly  measure  the  CBTD-induced  change  in  bore  centerline  using 
conventional,  optically  based,  bore  straightness  equipment.  Instead,  a  thermal 
distortion  model  (Bundy  [3])  was  used  to  predict  the  bore  centerline  change 
based  on  the  measured  CBTDs.  The  model  was  validated  by  making  extensive 
comparisons  between  predicted  and  externally  measured  shape  changes.  One 
such  validation  test  is  shown  in  Figure  2.  In  general,  the  predicted  vs. 
measured  thermal  bend  differed  by  less  than  0.2  mm  in  displacement,  and  less 
than  0.1  mil  in  angular  change  of  the  muzzle. 


Predicted  Centerline  Displacement  (mm) 
Measured  "  "  (mm) 


0  1000  2000  3000  4000  5000  6000 

Distance  From  Muzzle  (mm) 

Figure  2.  Change  in  bore  straightness  due  to  one-sided  pad  heating. 
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This  being  the  first  firing  test  of  a  thermally  controlled  barrel,  the 
investigation  was  limited  to  the  horizontal  plane  only,  where  fewer  factors 
influence  gun  dynamics.  That  is,  in  the  vertical  plane  the  unidirectional  effects 
of  gravity  on  the  barrel  and  projectile  add  complexity  to  the  analysis  of  gun 
dynamics.  Furthermore,  it  is  well  known  (e.g.,  Erline  and  Kregel  [41)  that  the 
effects  of  the  breech  center-of-gravity  offset  will  overshadow  the  effects  of 
centerline  curvature  on  vertical  plane  gim  dynamics. 

To  further  simplify  the  experiment,  only  a  simple  bow  shape,  or  half-sine 
wave  curvature,  to  the  left  and  right,  and  a  near-straight  centerline  were 
chosen  for  analysis.  It  should  be  noted,  however,  that  some  (Schmidt,  et  al.  [5]) 
think  barrels  with  multiple  changes  in  curvature  produce  greater  jump  than 
simple  bow-shaped  barrels. 

The  magnitude  of  the  bow  shape  was  varied  twice  in  each  direction  to 
give  a  total  of  five  trial  cases,  which  are  distinguished  as  bow  left,  bow  right, 
large  bow  left,  large  bow  right,  and  near  straight  in  the  horizontal  centerline 
plots  of  Figure  3.  Bear  in  mind,  these  centerline  plots  are  not  based  on  actual 
measurements;  rather,  they  are  based  on  theoretical  predictions,  as  previously 
mentioned. 


§  1 

§  *2 

^  o 

^  fCi 

^  2 
V  UJ 
6 

O  v 

5  N 


0.8 

0.6 

0.4 

0.2 


r 

0  Bow  Left 

♦ 

Lai^ge  Bow  Left 

•  Near-Straight 

A 

Bow  Right 

i 

---  Natural  Curvature 

v 

Large  Bow  Right 

0  2  - 

0  2  -  lili- 


s 

Ui 

o 

X 


B 

.e 


-0.2 

-0.4 

-0.6 

-0.8 


j. 


0 


1000  2000  3000  4000 

Distance  from  the  Muzde  (mm) 


j 


5000 


Figure  3.  Manufactured  and  heating-pad -induced  horizontal 

centerline  curvatures  prior  to  firing  M256  ser.  no.  2971. 
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How  do  the  trial  cases  of  Figure  3  relate  to  the  general  population  of  tube 
centerlines?  In  the  dispersion  study  of  Wilkerson  [61,  20  M256  tubes  were 
examined.  Of  these  20.  15  (75%)  had  a  simple  bow  shape  in  either  toe 
horizontal  or  vertical  plane,  or  both.  Ten  of  toe  20  barrels  (50%)  had  bow 
shapes  that  were  equal  to  or  smaller  in  magnitude  than  toe  bow  left  and  bow 
right  curvatures  in  Figure  3.  Five  of  toe  20  (25%)  had  bows  that  were  as  large 
as  toe  bow  left/right  curvatures,  but  smaller  than  toe  large  bow  left/right 
curvatures. 


There  are  several  centerline  plots  drawn  in  Figure  3  for  each  of  toe  five 
general  curvature  cases.  For  example,  there  are  five  distinctly  different  plots 
for  toe  bow  left  case.  Each  plot  represents  toe  centerline  profile  when  a  roi^d 
was  fired.  The  small  variation  in  plots  for  toe  same  case  attests  to  to^act  that 
it  was  not  possible  to  maintain  exact  control  over  toe  CBTDs.  which  ^ect 
thermal  bend.  In  actuality,  there  were  six  rounds  fired  for  toe  bow  left  case, 
with  two  plots  overlaying  each  other.  However,  regardless  of  toe  number  ot 
plots  distinguished,  there  were  at  least  four  rounds  fired  for  each  general 
curvature  case. 


The  ambient  temperature  during  toe  5-day  testing  period  never  exceeded 
20°  C.  The  barrel  temperature  would,  of  course,  rise  above  arnbient  after  firing. 
To  maintain  a  consistent  set  of  starting  conditions  for  each  fiiliig.  all  heating 
pads  were  set  to  maintain  a  minimum  barrel  temperature  of  25  large 

volume  air  pump  was  used  to  blow  ambient  air  through  toe  barrel  from  toe 
breech  to  toe  muzzle  after  each  round:  this  expedited  toe  return  of  toe  barrel  to 
toe  25°  C  minimum  starting  condition.  Once  the  starting  coridition  was 
reached,  toe  blower  was  removed  and  manual  control  of  specific  heating  pads 
was  used  to  raise  toe  barrel  temperature  above  toe  25°  C  minimum,  in 
accordance  with  toe  temperature  distribution  required  to  create  a  giveii 
centerline  profile.  For  example,  toe  bow-left  profile  was  created  by  raising  three 
consecutive  heating  pads  on  toe  gurmer's  left  of  toe  barrel  to  31  C.  39  C.  and 
31°  C.  as  indicated  in  toe  schematic  of  Figure  4.  while  all  other  heating  pads 
maintained  toe  25°  C  minimum  barrel  temperature.  Actually.  Figure  4  plots 
toe  right  minus  left  CBTDs.  rather  than  toe  absolute  temperatures,  since  it  is 
temperature  difference  that  determines  thermal  bend. 


MEASURING  THE  COI 

In  total.  29  roimds  of  same-lot  M865  target  practice.  cone-stabiUzed. 
discarding-sabot,  training  (TPCSDS-T)  ammunition,  were  used  in  this  test.  To 
reduce  toe  dependence  of  occasion-to-occasion  differences  on  toe  results,  toe 
firings  were  sequenced  so  that  a  round  was  fired  with  toe  centerlii^  bowed  to 
toe  left*  then  a  near-straight  centerline  was  fired:  and  then  a  round  was  fired 
with  toe  centerUne  bowed  to  toe  right.  This  left-straight-right  pattern  was 
repeated,  with,  on  average,  a  round  being  fired  every  30-60  min.  (Although  toe 
centerline  could  be  changed  in  5-10  min,  a  period  of  20-30  min  was  required 
to  bring  toe  barrel  back  down  to  toe  25°  C  starting  condition,  using  toe  forced 
air  blower.)  Six  test  rounds  were  fired  per  day. 
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Figure  4.  CBTD  profile  needed  to  induce  bow-left  configuration  of 
Figure  3. 

A  spotter  round  was  fired  at  the  beginning  of  each  day  to  "set"  the  gun, 
which  directionaly  predisposes  clearances  and  tolerances  in  the  gun-mount 
system.  These  biases  are,  for  the  most  part,  maintained  during  the  course  of 
subsequent  firings,  but  can  "relax"  if  the  period  between  rounds  is  excessive 
(24  hours  for  example).  To  gauge  the  relative  motion  of  the  mount,  a  20-power 
telescope  (a  so-called  Wye  scope)  was  placed  in  a  special  cradle  rigidly  attached 
to  the  outside  wall  of  the  recoil  cylinder.  The  Wye  scope  was  used  to  read  a 
grid  board  located  103  m  downrange.  The  accuracy  of  this  reading  was 
considered  to  be  0.01  mils.  Figure  5  shows,  as  implicated  previously,  that  the 
largest  change  in  breech  angle  occurs  after  the  spotter  rounds.  Thereafter,  the 
mount  remained  fairly  stable.  This  mount,  located  at  the  Army  Research 
Laboratory's  (ARL's)  Transonic  Range,  held  tube  2971  in  an  MlAl  recoil  that 
was  attached  to  an  Aberdeen  Proving  Ground  (APG)  "yoke"  through  an  APG 
"adapter"  plate.  The  APG  yoke  was  affixed  to  the  recoil  system  (equilibrator, 
trunions,  and  pedestal)  of  an  8-in  Ml  10  howitzer.  However,  the  recoil  system 
was  not  vehicle  mounted:  rather,  it  was  rigidly  bolted  to  a  concrete  ground 
slab. 


The  pointing  angle  of  the  muzzle  end  of  the  gun  could  be  changed  by 
altering  the  breech  angle,  or  it  could  be  changed  by  thermal  distortion  of  the 
barrel  between  the  breech  and  the  muzzle.  The  muzzle  angle  was  measured 
using  a  so-called  APG  muzzle  scope.  The  reading  accuracy  of  the  APG  scope  is 
considered  to  be  0.05-0.10  mil. 
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Figure  5.  Change  in  horizontal  breech  pointing  angle  during  5-day 
firing  period. 


In  addition  to  the  baseline  breech  scope  measurement,  a  baseline  muzzle 
scope  reading  was  taken  before  each  day's  firings.  In  fact,  prior  to  taking  these 
baseline  measurements,  the  azimuth  and  elevation  of  the  gun  mount  was 
adjusted  so  that  the  collimated  APG  scope  was  pointing  at  a  painted  cross  on  a 
downrange  target  cloth.  As  discussed,  however,  firing  the  pretest  spotter  round 
would  normally  move  the  mount  so  that  the  pointing  angle  of  the  muzzle  after 
the  spotter  round,  and  before  the  first  test  round,  was  not  usually  directed 
exactly  at  the  target  cross.  Rather  than  move  the  mount  again  to  align  the 
muzzle  angle  with  the  cross,  and  risk  having  to  fire  another  spotter  round  to 
ensure  the  mount  was  once  again  set  in  place,  the  post-spotter-round  readings 
of  the  breech  and  muzzle  scopes  were  taken  as  the  pretest-round  pointing 
angles. 

After  firing  each  round,  the  target  impact  location  was  marked,  and  later 
measured  relative  to  the  initial  (prespotter)  aim  point.  The  horizontal  distance 
from  the  initial  aim  point,  divided  by  the  distance  to  the  target  (953  m),  was 
used  to  convert  the  shot  impact  location  into  an  angular  deviation  (in  mils)  off 
the  original  "line  of  fire."  Having  determined  the  prefiring  muzzle  pointing  angle 
and  the  shot  impact  angle  for  each  test  round,  the  two  angles  were  differenced 
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to  estabUsh  the  horizontal  jump  angle  for  each  round.  Finally,  Ae  mean 
horizontal  jump  angle  was  computed  and  defined  to  be  the  COI  for  the  group  o 
rounds  associated  with  each  specific  barrel  curvature. 


COMPARISON  OF  THE  COIs  WITH  CENTERLINE  CURVATURES 

The  first  comparison  is  between  the  COIs  and  centerline  curvatures  of 
the  bow-left,  bow-right,  and  near-straight  configurations.  An  illustration  of  &e 
results  is  displayed  in  Figure  6.  For  the  bow-left  case,  the  horizontal  COI  falls 
0.30  mil  to  the  left  of  the  muzzle  pointing  angle.  Whereas,  for  the  bow-right 
case,  the  horizontal  COI  falls  only  0.02  mil  to  the  left  of  the  aim  point.  For  the 
near-straight  barrel,  the  COI  lies  in  the  middle  of  the  bow-left  and  right  result, 
viz  0. 14  mils  to  the  left  of  the  aim  point.  It  can  be  seen  from  the  illustration 
that,  relative  to  the  near-straight  case,  inducing  a  left  bow  will  move  the  muzzle 
to  the  right  and  the  shot  impacts  to  the  left.  Conversely,  forming  a  right  bow 
will  move  the  muzzle  to  the  left  and  the  shot  impacts  to  the  right. 


* 

Center  or  Impacts 

*  \ _ / 


Muzzle 
Aim  Point 


M865  Jump  =  -0.3'0  mils 


1^1  Muzde 
Line-of-Flre 


Figure  6.  Illustration  of  M865  COI  vs.  centerline  curvature  (in  the 
horizontal  plane)  for  three  of  five  bent  barrel  cases. 
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When  the  barrel  is  distorted  into  the  large  bow-left  configuration,  the  COI 
lies,  surprisingly,  at  virtually  the  same  location  as  the  smaller  bow-left  firing^ 
in  this  case,  0.29  mil  to  the  left  of  the  aim  point.  Figure  7.  Similarly,  toe  COI 
for  toe  large  bow-right  firings  lies  at  toe  same  location  as  toe  smaller  bow-nght 
firings,  viz.,  0.02  mil  to  toe  left  of  toe  aim  point.  The  results  for  all  five  firing 
configurations  are  summarized  in  Table  1.  It  should  be  noted  that  on  day  1 
only  four  of  six  test  rounds  were  considered  "good"  data  rounds,  with  no 
entrees  (Table  1)  for  toe  bow-right  configuration.  The  exclusion  of  toe  bow- 
right  trials  was  based  on  toe  fact  that  toe  CBTD  patterns  for  these  two  rounds 
were  not  deemed  sufficiently  close  to  toe  bow  right  configuration.  Such  a 
problem  did  not  occur  again  during  toe  course  of  firing  because  control  of  toe 

CBTDs  was  changed  from  automatic  to  manual  after  toe  first  day.  This 

provided  better  control  over  toe  repeatability  of  centerline  curvatures  for  all 
configurations. 


Figure  7. 


865  COI  vs.  centerline  for  larger  vs.  smaller  barrel  bends. 


BUNDY 


Table  1.  Horizontal  jump  values  for  five  barrel  curvatures 


M865  IMPACT  ANGLE  MINUS  MUZZLE  ANGLE  ( 

mils) 

Large  Bow 
Left 

BIB 

Bow  Right 

Large  Bow 
Right 

Day  1 

-0.347 

Day  2 

-0.164 

-0.534 

Emm 

-0.115 

+0.180 

+0.130 

+0.156 

Day  4 

-0.345 

+0.258 

-0.141 

-0.366 

+0.179 

Day  5 

-0.093 

-0.422 

_ 

-0.291 

-0.143 

\  Std.  Dev. 

0.116 

0.135 

0.165 

0.252 

0.219  1 

The  observation  that  a  centerline  bowed  to  the  left  or  right  (with  muzzle 
angle  moved  right  or  left,  respectively)  shoots  rounds  to  the  left  or  right, 
respectively,  relative  to  a  straighter  centerline,  has  occurred  before.  In  1987, 
for  example,  during  testing  of  the  Gloster  Saro  thermal  shroud  on  the  M256 
carmon  (Bundy  [7]),  uneven  cooling  (due  to  a  design  failure  in  the  shroud) 
caused  the  barrel  to  undergo  a  thermal  bend  to  the  gunner's  left  (bow  left).  As 
this  occurred,  the  fall  of  shot  also  moved  to  the  gunner's  left.  The  correlation 
coefficient  (r-value)  between  the  bow-left  thermal  bend  and  the  shift  left  in 
jump  was  highly  significant,  Irl  =0.76.  A  similar  result  occurred  in  a  more 
recent  test,  with  a  25-mm  chain  gun  (Gamer  et  al.  [8]);  it  was  found  that 
thermal  distortion  induced  by  uneven  firing  heat  input  caused  the  barrel  to 
bow  to  the  right  and  the  shot  impacts  to  move  to  the  right. 


CONCLUSIONS 

Controlled  changes  of  the  bore  centerline  with  heating  pads  provide  a 
means  to  isolate  the  effects  of  tube-to-tube  variation  on  the  fall  of  shot,  without 
entailing  a  mount  or  an  occasion  change.  Five  simple,  nevertheless  common, 
centerline  profiles  were  examined.  The  shape  changes  were  all  made  in  the 
horizontal  plane  to  avoid  the  complexities  introduced  by  gravity  and  the  large 
vertical  center-of-gravity  offset  pf  the  breech. 

It  was  found  that  same-lot  M865  rounds  fired  through  a  nearly  straight 
tube  were  grouped  about  a  COl  that  was  on  the  gunner's  left  of  the  prefiring 
muzzle  a<rn  point  (-0. 14  mil).  When  the  bore  centerline  had  a  bow  to  the  left. 
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the  COI  was  to  the  left  of  the  near-straight  case  (-0.30  mil  from  the  aim  point), 
and  when  it  was  bowed  to  the  right  the  COI  was  to  the  right  of  the  near  straight 
case  (-0.02  mil  from  the  aim  point).  However,  a  change  in  magnitude  of  the  left 
and  right  bows  did  not  change  the  COI.  Overall,  the  average  COI  for  all  five 
cases  was  about  -0.15  mil. 

If  we  assume  the  MlAl  fleet  has  roughly  the  same  number  of  right- 
bowed  barrels  as  left,  then  we  might  expect  the  fleet  COI  for  M865s  would  be 
close  to  our  "five-barrel"  average.  However,  this  is  not  the  case,  the  fleet  COI  is 
considered  to  be  +0. 15  mils,  which  is  the  same  magnitude  but  opposite 
direction  from  our  result.  This  difference  begs  the  question  of  whether  the 
mount  used  in  our  test  biased  the  COIs  to  the  left?  In  the  test  of  Walbert  and 
Petty  [1],  it  w^  foimd  that  COIs  for  the  same  tube  moimted  in  different  tanks 
varied  by  as  much  as  0.8  mil.  Since  the  difference  between  our  same-mount, 
five-tube  COI  and  the  fleet  COI  is  only  0.3  mil,  it  seems  plausible  that  the  bias 
to  the  left  could  be  mount  related. 

Regardless  of  what  bias  the  mount  may  impart,  the  change  in  COIs 
observed  between  the  bow-left  and  bow-right  centerlines  were  on  the  same 
order  of  magnitude  as  the  ammunition  dispersion.  This  demonstrates  that 
tube-to-tube  variability,  even  for  simple  shapes,  can  be  a  significant 
contributor  to  tank-to-tank  variation  in  shot  impacts. 
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ABSTRACT: 


A  theoretical  model  that  addresses  thermochemical  erosion  in  gun  tubes  is 
presented.  The  model  incorporates  two  interior  ballistics  codes,  XKTC,  IBHVG2,  and  the 
thermochemical  code  BLAKE,  to  provide  the  necessary  state  variables  and  bulk  species 
concentrations  of  the  core  flow  as  input.  This  erosion  model  utilizes  a  Crank-Nickolson 
integration  scheme,  with  dynamic  giidding  capability  to  account  for  material  ablation,  as 
well  as  the  addition  of  energy  sources  and  heat  transfer  augmentation  due  to  surface 
deviations.  A  mass  transport  scheme,  utilizing  the  Lennard  Jones  6-12  diffusion  model, 
enables  individual  species  to  be  transported  to  the  surface  from  the  core  flow.  Also  fully 
coupled  is  a  separate  thermochemical  routine  which  incorporates  the  NASA  Lewis  database. 
The  code  is  written  modularly,  enabling  the  inclusion  and  modification  of  existing  sub- 
modules.  Erosion  results  comparing  a  fielded  kinetic  energy  tank  round  and  a  candidate 
next-generation  tank  round  are  presented.  The  thermochemical  effects  at  the  surface  are 
also  shown  and  discussed. 
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Introduction 

Gun  tubes  are  typically  either  erosion  or  fatigue  limited  in  the  number  of  rounds  that  can  be 
effectively  and  safely  fired  from  them.  Direct  fire  weapons  are  typically  erosion-life  limited  due  to 
the  high  performance  requirements  placed  upon  them.  Current  ammunition  for  the  M256  tank  gun 
is  being  designed  to  maximize  the  kinetic  energy  of  the  projectile  at  launch.  Performance 
requirements  have  reintroduced  gun  bore  erosion  as  a  significant  design  issue  because  erosion  will 
limit  the  number  of  rounds  that  can  be  effectively  and  safely  fired  over  the  life  of  the  gun  tube. 
Previous  “solutions”  had  not  identified  the  fundamental  cause  of  the  erosion,  and  some 
discrepancies  between  the  flame  temperature  correlations  [1,2,3]  and  the  erosivity  were  never 
resolved.  Attempts  to  model  erosion  using  first  principles  have  been  and  are  currently  being  made 
[4,5,6],  although  it  is  believed  that  significant  additional  work  is  still  required. 

A  complete  description  of  the  erosion  process  would  include  a  variety  of  mechanisms 
produced  by  thermal,  chemical,  and  mechanical  effects.  Generally,  thermal  erosion  is  driven  by  high 
convective  heating  produced  by  the  propellant  gases  that  heat  the  in-bore  surface  of  the  gun  tube 
and  cause  it  to  melt  Chemical  erosion  is  caused  by  surface  chemical  reactions  produced  by  the 
interaction  of  the  gun  tube  gases  with  the  inbore  surface  of  the  tube.  These  reactions  may  erode  the 
inbore  surface  directly  through  pyrolysis  or  produce  additional  heat  to  augment  the  convective 
heating  thus  inducing  melting.  The  thermal  and  chemical  erosion  mechanisms  are  common  and 
generally  interrelated,  while  erosion  due  to  mechanical  effects  is  more  isolated  and  somewhat 
independent  In  this  current  work  we  have  focused  on  the  coupled  thermal  and  chemical  erosion 
mechanisms,  while  not  excluding  the  possible  addition  of  the  mechanical  contribution  in  the  future. 


Model  Description 

The  model  description  consists  of  three  fully  coupled  portions  consisting  of  thermal  ablation 
and  heat  transfer/conduction,  mass  transport,  and  the  imbedded  thermochemistry,  as  well  as  the 
intercoupling  of  these  portions. 

Following  a  modular  engineering  approach  resulted  in  the  integration  of  some  of  the  Army 
Reseach  Laboratories  (ARL)  well  developed  tools  as  well  as  the  development  of  new  modules  to 


supply  additional  physics,  namely:  an  interior  ballistics  code  to  provide  the  necessary  state  varmbles 
and  gas  velocities  XKTC  [7],  and  a  chemical  equilibrium  code  BLAKE  [8]  coupled  to  an  interior 
ballistic  code,  IBHVG2  [9],  thus  creating  the  BBLAKE  [10]  code  which  provides  temporal  specie 
concentrations,  as  well  as  the  gun  tube  heat  transfer-conduction  code  XBR-2D  [11, 12,13]. 

The  current  modeling  effort  considers  a  melt-wipe  model  similar  to  that  proposed  by  Caveny 
[14],  with  the  addition  of  surface  chemistry.  Conceptually,  as  shown  in  Figure  1,  the  surface  heats 
from  convection  until  the  chemical  activation  energy  is  overcome;  at  this  point  a  surface  reaction 
occurs,  releasing  additional  energy  into  the  system,  and  producing  various  products.  The  reaction 
products  can  either  remain,  as  some  solids,  or  be  removed  from  the  area  as  liquids  or  gasses,  thus 
resulting  in  pyrolysis  or  ablation.  As  the  surface  regresses,  the  solids  are  refreshed  accordingly. 

The  following  assumptions  have  been  made  in  the  model: 


(a)  1-D  heat  conduction 

(b)  No  subsurface  diffusion/ 
reaction, 

(c)  All  surface  liquids  are 
removed, 

(d)  All  surface  gas  products 
are  removed, 

(e)  There  is  no  feedback  to 
the  interior  ballistics, 

(f)  Chemical  energy  released 
is  treated  as  a  source  term, 

(g)  Species  are  frozen  from 
core  flow  to  wall. 


Ablation-Conduction  Model  and  Computational  Approach 

The  in-depth  temperature  response  of  the  unablated  (solid)  material  is  modeled  using  the 
one-dimensional  heat  conduction  equation  shown  below. 

^  “dt  5rJ 


By  setting  p=0  or  p=l,  the  planar  or  axisymmetric  form  of  the  governing  equation  can  be  obtained. 
In  this  form  of  the  equation  the  relevant  material  properties,  density,  p,  specific  heat,  C^,  and 
conductivity,  k,  the  conductivity,  may  vary  (but  remain  continuous).  The  feature  of  variable 
conductivity  was  not  utilized  in  the  results  presented  here. 
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At  the  internal  surface  of  the  gun  tube,  two  separate  boundary  conditions  were  applied 
depending  on  whether  the  melting  of  the  surface  material  was  occurring.  When  the  surface  material 
was  below  the  melt  temperature,  a  convective  heat  transfer  boundary  condition  was  applied. 

Using  the  state  variables  and  gas  velocity  from  the  XKTC  [7]  code,  the  convective  heat  transfer 
coefficient,  h,  is  determined  using  the  correlation  of  Stratford  and  Beavers  [15].  Once  the  surface 
of  the  gun  tube  reaches  the  melt  temperature,  melting  of  the  surface  material  is  assumed  to  occur. 
When  fully  molten  (complete  change  of  phase  from  solid  to  liquid),  the  liquid  metal  is  immediately 
removed  or  ablated  by  the  shearing  action  of  the  gun  gases.  Because  surface  material  is  being 
removed  during  the  ablation  process,  the  surface  location  (or  the  regression  rate)  becomes  an 
additional  variable.  During  the  ablation  process  two  boundary  conditions  are  applied  as  shown 
below. 


The  first  equality  of  the  second  boundary  condition  simply  states  that  the  temperature  at  the 
interface  while  the  phase  change  is  occurring  is  equal  to  the  melt  temperature.  The  melt 
temperature  is  assumed  to  be  a  known  material  property.  The  second  equality  of  the  boundary 
condition  is  obtained  from  an  energy  balance  at  the  melt  surface.  In  addition  to  the  heat  transfer 
due  to  conduction  and  convection,  the  additional  energy  required  due  to  the  change  of  phase  from 
solid  to  liquid  Oatent  heat  of  melting,  L)  is  also  included.  This  boundary  condition  allows  the 
regression  rate  of  the  solid  material  to  be  computed,  given  that  the  latent  heat  of  melting,  L,  is  a 
known  material  property. 

To  provide  closure  for  the  in-depth  temperature  response  of  the  gun  tube,  a  convective 
boundary  condition  is  applied  to  the  outer  surface  of  the  gun  tube. 

However,  because  the  erosion  process  occurs  during  the  first  several  milliseconds  of  the  firing 
process,  the  heat  can  only  penetrate  a  fraction  of  the  distance  from  the  inner  surface  of  the  gun  tube 
to  the  outer  surface  of  the  gun  tube.  In  this  case,  it  may  not  be  necessary  to  model  the  radial 
temperature  response  of  the  entire  gun  tube.  By  locating  the  outer  edge  of  the  computational 
domain  so  that  the  temperature  response  is  unchanged  during  the  heating  process,  a  smaller 
computational  domain  may  be  analyzed.  In  this  case,  one  of  two  boundary  conditions  may  be 
applied—  a  constant  temperature  boundary  condition  or  an  adiabatic  wall  boundary  condition. 


The  appropriate  depth  of  the  computational  domain  can  be  estimated  using  a  depth  of 
penetration  analysis  [16,17].  The  depth  of  penetration,  6,  gives  the  approximate  distance  that  the 
heat  would  penetration  in  a  given  time  t  and  is  a  function  of  the  thermal  diffusivity  of  the  material. 
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Using  a  factor  of  safety  of  two  or  three  will  place  the  outer  boundary  of  the  computational  domain 
far  enough  from  the  bore  surface  of  the  gun  tube  so  that  the  temperature  at  the  outer  boundary 
remains  unaffected  by  the  heating  of  the  gun  tube  during  firing.  This  analysis  enables  either  single 
filing  erosion  prediction  or  rapid,  continuous  fire  capability  depending  upon  the  computation 
approach  chosen  and  the  imposed  outer  boundary  condition. 

The  governing  equations  and  boundary  conditions  are  solved  using  a  Ciank-Nicolson 
finite-difference  technique.  Prior  to  the  onset  of  melting,  the  governing  equations  and  boundary 
conditions  are  linear  and  solutions  are  obtained  in  a  direct  (non-iterative)  fashion.  During  the 
melting  process,  the  equations  become  non-linear  since  the  dimensions  of  the  computational  domain 
are  coupled  with  the  regression  rate.  An  iterative  approach  is  utilized  during  melting  to 
appropriately  address  the  non-linearity. 

Because  the  boundary  of  the  computational  domain  moves  during  the  erosion  event,  a 
transformed  version  of  the  governing  equation  is  employed.  This  allows  the  equations  to  be  solved 
in  a  fixed  computational  space  even  though  the  physical  boundary  is  moving.  A  generahzed 
transformation  between  the  computational  coordinate,  5,  find  the  physical  coordinate,  r,  is  utilized. 
The  transformed  equations  are  shown  below. 

In  this  form,  the  non-linear  nature  of  the  governing  equation  produced  by  the  moving  boundary  is 
evident  because  the  metric  terms,  5,  and  are  not  constant  and  are  dependent  on  the  erosion  rate 
when  the  grid  is  moving. 


Validation  of  Ablation-Conduction  Model: 

Over  the  past  several  decades,  numerous  studies  examining  the  phase  change  process  have 
been  made.  Results  from  two  of  these  studies  have  been  used  to  validate  the  currendy  developed 
numerical  method.  Landau  [18]  has  made  one-dimensional  time-dependent  numerical  predictions  of 
a  melting  solid  using  a  technique  similar  to  that  utilized  here.  Landau  considered  the  case  of  a 
semi-infinite  solid  subject  to  a  constant  heat  flux.  Goodman  [19]  considered  similar  problems  using 
a  heat-balance  integral  approach  which  utilizes  an  assumed  form  of  the  temperature  profile  to 
analytically  determine  the  heat  conduction  and  ablation  process.  While  exact  solutions  are  not 
typically  obtained,  the  results  are  reasonably  accurate  and  are  of  a  simple  form.  One  of  the  cases 
addressed  by  Goodman  was  the  melting  of  a  semi-infinite  solid  under  constant  heat  flux.  In  both 
cases,  an  ablative  boundary  condition  was  utilized;  that  is,  the  liquid  phase  was  immediately 
removed  following  melting. 


20  4j0 


The  problem  of  the  heating  on 
a  semi-infinite  solid  subject  to 
constant  heat  flux  was  addressed  ^ 

using  the  current  numerical  method.  v  Cp(r^-To)/l  *  257 

The  solid  initially  had  a  uniform  ^  NUMERICAL 

temperature  distribution  of  To  and  a  ^  ^  —  b=tmeit 

specified  melt  temperature,  The  ^  t^t”**** 

results  are  scaled  by  the  time  to  melt,  £  -  l=®lrn«lt 

which  is  a  function  of  appUed  analytical 

heat  flux.  Figure  2  shows  the  in-depth  ^  °  °  °  *=*iT>elt 

temperature  profile  at  several  02  _  o  steody-Sfate 

increments  in  time  during  the  melting  ^ 
process.  The  results  were  obtained  o.o _ 

using  material  properties  OjO  20  4j0  6.0 

corresponding  to  gun  steel.  In  (x--s(t))/(tr^f® 

addition  to  the  numerical  results,  the 
analytical  results  obtained  using  the 

heat-balance  integral  approach  of  Figure  2  In-depth  temperature  profile  dunng  ablation 
Goodman  are  also  shown  at  the  onset  process  for  a  semi-infinite  slab  subject  to  constant  heat  flux, 
of  melting  and  during  steady-state 

melting.  The  numerical  solution  and  the  analytical  results  are  in  excellent  agreement  at  the  onset  of 
melting.  (Though  not  shown,  both  results  are  also  in  excellent  agreement  with  the  exact  analytical 
solution.)  As  the  melting  progresses,  the  temperature  gradient  at  the  heated  interface  is  reduced 
due  to  the  additional  energy  required  to  melt  Ae  solid  (latent  heat  of  melting).  After  approximately 
eight  times  the  time  required  to  reach  the  melt  temperature,  the  numerical  results  show  that 
temperature  profile  has  nearly  reached  the  steady-state  temperature  profile.  The  differences 
between  the  analytical  and  numerical 
steady-state  temperature  profile  are 
less  than  2%  of  the  difference  between 

the  melt  temperature  and  the  initial  w-i  m=ii.3  _ _ _ _ 

temperature.  Exact  agreement  ® 

between  the  two  results  is  not  _jLu  _ 

expected  because  the  assumed  form  of  i  js 

the  temperature  profile  in  the  Q  2  ~  f  9 

heat-balance  integral  approach  is  not  I  m=0.226 

an  exact  solution.  /  PRESENT  CODE 


m=11.3 


LU 
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Qz  06- 

oQ 
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m—2.26 


m=0.226 
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A  comparison  of  the  predicted 
ablation  rate  obtained  using  the 
current  technique  with  the  results  of 
Landau  is  shown  in  Figure  3.  The 
current  results  are  in  excellent 
agreement  with  the  results  of  Landau 
for  three  different  sets  of  material 
properties  including  properties  close 


m-Cp(Tjng|f— Tq)A 


V^melt 

Figure  3  Fractional  ablation  rate  versus  time  for  a  semi¬ 
infinite  slab  subject  to  constant  heat  flux. 
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to  gun  steel.  (Differences  between  the  results  of  Landau  and  the  current  result  may  be  more  related 
problems  in  extracting  the  data  from  the  original  published  graphs  of  Landau  than  to  numerical 
accuracy.)  The  steady-state  ablation  rate  for  the  current  result  is  also  in  good  agreement  with  the 
exact  analytical  results  presented  by  Landau. 


Multi-component  Diffusion  and  Mass  Transport  Scheme 


In  order  to  derive  the  mass  transport  coefficient  for  a  specific  specie  from  the  Sherwood 
number  Ii^L/Dab,  the  diffusion  coefficient  must  be  determined.  A  reasonable  representation  of 
binary  diffusion  is  provided  by  the  following  relationship 

0.002628(yr^(Af,  +A/2)/2A/,M2 


Where  Mj,  Mj  are  the  molecular  weights  of  the  species,  T  is  the  temperature,  and  P  is  is  the 
pressure.  The  simplest  model  to  apply  to  the  problem,  given  the  criteria,  is  the  Lennard  Jones  6-12 
model  [20].  The  potential  function  governing  the  Leimard  Jones  model  is  presented  as 

r  T 


T(r)  =  4e 


«■■(;) 


were  e  is  the  depth  of  the  potential  well  and  a  is  the  collision  diameter  for  low  energy  collision. 
The  integral  quantities  Q*i2  are  obtained  through  table  interpolation.  Both  the  e’s  and  o’s  are 
tabulated  for  various  species.  The  following  combinatory  analysis  is  needed  in  order  to  correctly 
apply  these  tabulated  single  species  values 

_ _  _  (O1+O2) 

«12  =  2  ■ 

The  non-dimensional  temperature  T|2*  is  used  as  a  tabulation  parameter  for  the  Lermard- Jones  Q 
integrals 

T*  -  Tk 

il2  -  —  • 


The  binary  diffusion  provides  the  basis  for  the  multi-component  diffusion  coefficient.  Each 
binary  diffusion  possibility  is  used  and  weighted  versus  all  other  possibilities  in  the  following 
mixture  coefficient  combinatory  function  [21]. 

i-x 

r\  -  * 


This  function  enables  the  calculation  of  the  diffusion  coefficient  for  a  particular  specie  into  a 
mixture  of  many  species.  Equilibrium  calculations  for  all  service  propeUants  were  performed  and  all 
principle  products  species  o’s  and  k/e’s  along  with  the  Q(T*)  were  placed  into  data  statements  in 
the  diffusion  routine.  Thus,  tracking  of  an  individual  species  contribution  to  the  erosion  process  is 
possible. 
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Mass  transport  to  the  surface  is  provided  through  a  species  concentration  potential  and 
a  mass  transport  coefficient  h„  derived  from  Sherwood  number  correlations  for  two  ranges  of 
Schmidt  numbers.  Sc  =  p/pD^B.  as  shown 

Mass^  =  ffh„{  4>i^-  4>i^,  )dAdt  . 

The  gaseous  species  are  assumed  to  not  penetrate  the  surface  at  this  time.  However,  the  diffusion 
module  is  general  enough  to  readily  incorporate  this  possibility  in  the  future. 


iiiMav*r  IwiMPiwii  t« 
ra^Miy  frswinp  biataMIHr. 


TMfi  iMlI-layar. 


Mass  transport  for  a  transient 
boundary  layer  development  as  shown 
in  Figure  4  has  been  derived  [22]  and 
will  be  presented  here.  Considering  a 
periodic  transitional  sublayer  model 
enables  infrequent  penetration  to  the 
surface  by  eddies,  as  well  as 
predictions  of  transfer  rates  over  the 
entire  range  of  Schmidt  numbers.  The 

fliin  1«  waU-layer  beiralh  the  p,  ^  ^  development  [22], 

boundary  layer  is  periodically  ® 

replenished,  however  at  a  much  slower  rate  than  the  bulk  wall  region.  The  importance  of  the  thin 
wall-layer  determines  the  treatment  of  the  model.  At  moderate  Schmidt  numbers  (10<Sc<1000)  the 
thickness  of  the  boundary  layer  is  much  greater  than  the  thickness  of  the  viscous  sublayer.  This 
enables  the  accumulation  in  the  wall-layer  to  be  neglected.  Ruckenstein  [23]  assumed  the  following 
linear  pressure  gradient  model  to  govern  the  mass  transport  to  the  surface  through  the  thin  waU- 
layer 

♦  ■  •^(f.  - • 

where  k  is  the  conductivity  and  6,  is  the  thickness  of  the  thin  wall  layer.  Utilizing  the  momentum 
integral  method  the  following  Sherwood  number  has  been  derived 

0.0097/?e^.yc^l.l0+0.445c  ^ -0.705c 


Sh  = 


4l. 


1  +  0.064ScH  1.10+0.445C  * -0.705c 


For  higher  Schmidt  numbers  (So 1000)  the  thickness  of  the  boundary  layer  becomes  of  the 
order  of  magnitude  of  the  thin  wall-layer.  The  mass  transport  for  this  range  is  governed  by  the 
penetration  of  eddies  into  the  boundary  layer,  in  this  case  the  wall-layer.  This  description,  assuming 
characteristic  distances  between  eddie  disruptions  is  larger  in  the  wall-layer  than  it  is  in  the 
boundary  layer  and  Blasius’  expression  for  the  friction  factor,  leads  to  the  following  Sherwood 
number 

JL  i 

Sh  =  0.0l02Re^°Sc^  . 


These  expressions  for  the  Sherwood  number  have  been  compared  [22]  with  much 
experimental  data  and  agree  very  well  within  the  Schmidt  number  regions  specified. 
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Equilibrium  Kinetics: 

Equilibrium  chemical  processes  are  considered  to  dominate  whenever  the  characteristic  time 
for  a  fluid  element  to  traverse  the  flow  field  of  interest  is  much  longer  than  the  characteristic  time 
for  chemical  reactions  to  approach  equilibrium.  As  the  pressure  and  temperature  increases  the 
molecular  collision  frequency  and  energy  per  collision  increases  which  leads  to  smaller  characteristic 
chemical  times,  and  chemical  processes  approach  equilibrium. 

Chemical  equilibrium  is  usually  described  by  either  of  two  equivalent  formulations; 
equilibrium  constants  or  minimization  of  free  energy.  Several  disadvantages  of  the  equihbrium 
constant  method  have  been  noted  [24]  and  most  researchers  prefer  the  free-energy  minimization 
formulation.  The  condition  for  equilibrium  may  be  stated  in  terms  of  any  of  several  thermodynamic 
functions  such  as  the  minimization  of  the  Gibbs  free  energy  or  Helmholtz  flee  energy  or  the 
maximization  of  entropy.  For  a  mixture  of  N  species  (e.g.  atoms  or  molecules)  with  the  number  of 
moles  of  species  are  denoted  %  the  Gibbs  energy  per  mole  of  mixture  is  given  in  terms  of  the  Gibbs 
free  energy  of  the  individual  species,  g-,,  the  internal  energy,  e,  the  temperature,  T,  the  entropy,  s, 
the  pressure,  p,  and  the  specific  volume,  V. 

G  =  ET.i  =  e  -Ts  *pV 

The  equilibrium  method  employed  in  the  present  study  is  based  on  the  fact  that  at 
equilibrium  the  total  Gibbs  energy  of  the  system  attains  a  minimum  value.  The  total  Gibbs  energy 
of  a  single-phase  system  is  given  by 

The  problem  is  to  find  the  set  of  nj’s  which  minimizes  Gtobi  for  a  specified  energy  and  specific 
volume  (e,V),  subject  to  the  constraints  of  material  balances.  The  standard  solution  to  this  type  of 
problem  is  based  on  the  method  of  Lagrange's  undetermined  multipliers.  First  we  must  recognize 
that  the  total  number  of  atoms  of  each  element  in  the  system  is  constant.  Denoting  a  particular 
atomic  species  with  subscript  k,  then  is  the  total  number  of  atomic  masses  of  the  k-th  element  in 

the  system,  as  determined  by  the  initial  constitution  of  the  system.  Denoting  the  number  of  atoms 
of  the  k-th  element  present  in  each  molecule  of  chemical  species  i  by  a^ ,  then  the  material  balance 
on  each  element  k  may  be  written  (M  is  the  number  of  elements), 

-  0  Ill 

introducing  Lagrange  multipliers,  for  each  element  Then  a  new  function,  F,  is  formed  by 
addition  of  the  last  equation  to  G^oj .  The  function  F  is  identical  to  G^  since  the  summation  term 
is  zero.  However,  aF/atij  and  dG^dti,  are  different  since  F  incorporates  the  constraints  of  the 
material  balances.  The  minimum  of  both  F  and  G^,^  occurs  when  these  partial  derivatives  are  zero. 

^  ~  Gioial  *  ~  ^l) 

*  sr-v.  ■  0  (for 
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This  equation  can  rewritten  using  the  definition  of  chemical  potential  Oj,  for  species  i. 


6..  = 


5G, 


total 


dn. 


lergy  change  of  f 
andard  states.  T1 
terms  of  the  equilibrium  constant  K  as. 


ey^i 


=  G,'’  +  /J,nn(o.), 


[2] 


The  standard  Gibbs-energy  change  of  formation  for  species  i  is  denoted  G  ®  which  is  equal  to  zero 
for  elements  in  their  standard  states.  The  activity  for  species  i  in  solution  is  given  by  a;  defined  in 


^  =  ir«;' . 


where  the  activities  of  the  components  are  raised  to  the  corresponding  stoichiometric  coefficients. 
For  a  ideal  gas  mixture  (Xi<j)=l), 

«.  =  fi  =  =  P  . 


where  fj  is  the  fugacity  and  Xj  is  the  mole  fraction  for  the  i-th  species.  For  liquids  and  solid  phases 

ln(a)  =  1-1/p  , 

which  is  approximately  zero  for  large  pressure,  therefore  = G°. 

There  are  N  equilibrium  equations  (Eq.  2),  one  for  each  species,  and  there  are  M 
material-balance  equations  (Eq.  1),  one  for  each  element,  a  total  of  N+M  equations.  The  unknowns 
in  these  equations  are  the  rij’s,  of  which  there  are  N,  and  the  's,  of  which  there  are  M,  a  total  of 
N+M.  Thus,  the  number  of  equations  is  sufficient  for  the  determination  of  all  unknowns. 


Surface  Erosioii  Results: 

Due  to  current  development  programs  the  first  application  of  the  model  has  been  directed 
toward  direct-fire  systems.  The  model  is  used  to  compare  the  relative  erosion  performance  in  the 
M256  cannon  firing  the  M829A1  KE  projectile  and  an  advanced  KE  projectile  concept  Both  of 
these  rounds  are  buUt  from  similar  propellants,  although  the  flame  temperature  of  the  M829A1 
propellant  is  lower  than  that  of  the  advanced  concept  The  thermal  performance  of  the  M829A1 
KE  round  has  been  investigated  previously  [25]  with  excellent  agreement  between  the  model  and 
existing  experimental  data,  as  was  the  case  with  numerous  previous  applications  [12,13]. 

The  U.S.  Army  Research  Laboratory  erosion  code  calculations  require  a  core  flow 
thermochemical  output  from  IBBLAKE,  and  an  XKTC  output  file  including  the  spatially  varying 
gas  pressure,  temperature,  and  velocity  [26].  For  both  calculations  the  barrel  was  assumed  not  to 
have  a  chrome  layer.  Once  degraded,  the  chrome’s  effectiveness  is  small  [27].  It  will  be  seen  that 
this  assumption  possibly  has  some  validity  for  the  advanced  KE  round,  while  for  the  less 
viscisorative  M829A1  round  this  assumption  appears  to  be  somewhat  excessive. 

Results  of  the  calculations  are  shown  in  Figures  5-10.  Figures  5  and  6  show  surface 
temperatures  of  both  the  M829A1  and  the  advanced  round  at  three  representative  axial  locations, 
640-mm,  1050-mm,  and  1350-mm  from  the  Rear  Face  of  the  Tube  (RFT).  The  640-mm  location  is 
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Figure  5  Surface  temperatures  for  the  M829A1  KE  round  in  a  non-chromed  M256  cannon. 


Figure  6  Surface  temperatures  for  an  advanced  KE  round  in  a  non-chromed  M256  cannon. 
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near  the  forcing  cone  region.  One  can  see  from  Figure  5  that  the  surface  just  barely  reaches  the 
specified  melt  temperature  at  the  640-mm  axial  location,  while  at  the  more  distant  locations  down 
bore  the  surface  does  not  reach  the  melt  temperature.  Experimentally,  bore  enlargement  is  noted  at 
this  location  as  well  [27].  Looking  at  Figure  6,  what  is  first  noticed  is  that  the  melting  in  this  case  is 
much  more  severe  and  for  a  much  longer  duration  at  all  three  axial  locations  presented  (and  in 
between  as  well).  Also  noted  is  that  the  peak  temperature  for  this  round  is  reached  somewhat  later 
and  longer  in  duration  than  that  of  the  M829A1.  This  is  due  to  the  different  propellant  grain 
geometry,  which  was  designed  to  create  just  such  an  effect  in  the  pressure  profile,  in  order  to 
optimize  the  ballistic  performance  with  the  given  constraints. 


Figures  7  and  8  show  the  resultant  surface  heat  fluxes  due  to  convection  and 
thermochemical  reactions.  Notice  that  in  both  cases,  die  level  of  thermochemical  energy  imparted 
to  the  surface  is  on  the  order  of  1%  of  the  total  energy.  This  is  intuitively  correct  because 
convective  heat  transfer  calculations  gave  very  good  agreement  with  experimental  data  [25].  The 
M829A1  flux  rises  and  decays  much  more  rapidly  than  that  of  the  advanced  round,  again  due  to  the 
charge  design.  The  advanced  round  shows  a  spike  at  die  peak  of  the  flux  that  is  believed  to  be 
caused  by  the  “slivering”  (the  point  at  which  the  grain  bums  through  its  web)  of  the  grain. 

Erosion  rates  are  shown  in  Figure  9  for  both  rounds.  The  erosion  rate  for  the  M829A1  is 
almost  an  order  of  magnitude  smaller  than  that  of  the  advanced  round.  Even  though  the  surface 
temperature  is  constant  during  melting,  the  erosion  rate  follows  the  heat  flux  contour,  including  the 
spike  at  the  peak  heating  rate.  The  erosion  rate  decreases  for  the  advanced  round  as  the  axial 
location  increases  from  the  RFT. 


Figure  10  reveals  the  amount  of  material  removed  for  both  rounds.  The  M829A1  erodes 
much  less  at  the  forcing  cone  region  than  the  advanced  round.  The  predicted  erosion  rate  is  about 
16%  below  the  experimental  data  (average  of  39  rounds)  for  the  advanced  round  and  a  bit  high  for 
the  average  M829A1  round.  For  abnormal  erosion,  the  M829A1  calculation  was  within  the  data 
range.  The  use  of  constant  physical  properties  in  the  calculations  probably  accounted  for  some  of 
this  discrepancy.  It  is  also  possible  that  for  the  M829A1  rounds,  that  more  chrome  existed  at  the 
surface,  thus  preventing  much  erosion. 


Surface  Chemistry  Results: 

Table  1  is  representative  of  the  chemistry  occurring  at  the  surface  at  an  axial  location 
during  one  time  step.  Both  the  input  and  output  from  the  thermochemical  calculation  are  presented. 
A  total  of  34  species  were  considered  for  both  the  M829A1  and  advanced  KE  penetrator,  although 
many  of  these  were  not  utilized.  A  user  may  choose  any  material  for  the  surface  or  any  additional 
gas  products  from  the  propellant  combustion.  For  these  calculations  Oj,  COj,  Hj,  CO,  HjO,  Nj, 
SO2,  and  NO  represented  about  98%  of  the  combustion  products.  The  surface  was  considered  to 
be  steel  consisting  of  Fe(A),  CrjO,,  NI(B),  and  C(GR).  The  following  species  were  included  in  all 
of  the  thermochemical  calculations,  however  they  converged  to  a  value  within  an  internally  specified 
tolerance  on  the  mass  fraction  for  zero:  NI,  NIO,  NOj,  HNO,  HCO  RAD,  CRO,  CROj,  SO,  COS, 
S2 .  FEO(S),  FEO(L),  FE,  FEO,  FEO2H2,  FE(L),  FE304(S),  OH,  OH+,  and  S. 
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Figure  7  Energy  flux  distribution  at  0.64  m  from  RFT  for  an  M829A1 KE  round  in  a  non-cbromed 


s 
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Figure  8  Energy  flux  distribution  at  0.64  m  from  RFT  for  an  advanced  KE  round  in  a  non-chromed 
M256  cannon. 
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Figure  9  Erosion  rates  for  an  advanced  KE  penetrator  at  three  axial  locations  and  the  erosion  rate  for 
an  M829A1  KE  penetrator  at  one  axial  location. 


Time  (ms) 

Figure  10  Erosion  depths  for  an  advanced  KE  penetrator  at  three  locations  and  the  erosion  depth  for 
an  M829A1  KE  penetrator  at  one  axial  location.  Also  presented  is  averaged  experimental  erosion 
depths  for  both  penetrators. 
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The  behavioral  results  from  both  rounds  were  basically  the  same  because  of  the  similar 
propellant  formulation.  Principally  what  occurs  is  that  COj.  is  not  the  preferred  specie  at  the  wall 
state.  This  releases  the  carbon  and  oxygen  from  the  existing  COj..  Tbe  molecular  oxygen  reacts 
with  the  molecular  hydrogen  to  make  water,  while  the  carbon  forms  graphite.  The  added  FE(A) 
goes  through  the  phase  transition  to  FE(C)  and  the  additional  NI(B)  melts.  Please  note  that  during 
this  time  step  at  this  location  the  surface  is  melting  and  the  surface  is  being  replenished  with  fresh 
“steel”.  The  CRjOj  in  the  steel  acts  inertly  as  does  the  Nj  from  the  gas.  One  interesting  point  is 
that  the  graphite  formed  may  create  a  physical  property  modification  if  it  dissolves  or  diffuses  into 
the  surface  of  the  steel. 


TIME  (MS)  =  5.349E-03 

ENERGY  RELEASED  (J/KG)  =  12218.7 

UNREACTED  SPECIES  AT 
THE  SURFACE 

REACTION  PRODUCTS  AT 
THE  SURFACE 

SPECIES 

MASS(KG) 

FRACTION 

MASS(KG) 

FRACTION 

1 

H2 

0.4553E-06 

0.1147E-01 

0.8000E-20 

0.2016E-15 

2 

02 

0.9061E-13 

0.2283E-08 

0.1270E-18 

0.3200E-14 

3 

CO 

0.7709E-05 

0.1943E+00 

0.9855E-05 

0.2483E+00 

4 

C02 

0.6656E-05 

0.1677E+00 

0.1747E-18 

0.4401E-14 

5 

H20 

0.3950E-05 

0.9953E-01 

0.8019E-05 

0.2021E+00 

6 

S02 

O.OOOOE+00 

O.OOOOE+00 

0.2542E-18 

0.6406E-14 

7 

N2 

0.1073E-05 

0.2704E-01 

0.1073E-05 

0.2704E-01 

8 

NO 

0.2222E-11 

0.5599E-07 

0.1191E-18 

0.3001E-14 

9 

C(GR) 

0.8020E-07 

0.2021E-02 

0.9766E-06 

0.2461E-01 

10 

FE(A) 

0.1759E-07 

0.4432E-03 

0.2216E-18 

0.5585E-14 

11 

NI(B) 

0.3299E-09 

0.8313E-05 

0.2330E-18 

0.5870E-14 

12 

CR203(S) 

0.1634E-06 

0.4117E-02 

0.1634E-06 

0.4117E-02 

13 

FE(C) 

0.1958E-04 

0.4934E+00 

0.1960E-04 

0.4939E+00 

14 

NI(L) 

O.OOOOE+00 

O.OOOOE+00 

0.3299E-09 

0.8313E-05 

TOTAL  MASS  (KG) 
0.3969E-04 

TOTAL  MASS  (KG) 
0.3969E-04 

BEFORE  SUM  OF  MASS 
FRACTIONS  =  O.lOOOE+01 

AFTER  SUM  OF  MASS 
FRACTIONS  =  O.lOOOE+01 

Table  1  Representative  chemical  reactants  and  products  during  melting  of  the  surface. 
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Discussion: 


A  numerical  method  for  estimating  the  erosion  which  occurs  within  gun  tubes  due  to  high 
convective  and  chemically  reactive  in-boie  heating  has  been  developed.  The  method  has  been 
successfully  applied  to  estimate  the  erosion  which  may  occur  during  the  firing  of  M829A1  and 
advanced  kinetic  energy  projectiles  fired  from  a  non-chromed  M256  carmon.  While  chrome  is 
present  the  surface  does  not  reach  a  high  enough  temperature  to  enable  the  surface  to  melt  If  the 
surface  is  gun  steel,  i.e.  the  chrome  has  chipped  off,  then  the  predicted  levels  of  erosion  ate  roughly 
in  agreement  with  experimental  observations  at  the  forcing  cone.  The  prediction  for  the  M829A1  is 
probably  high  due  to  the  absence  of  chrome,  while  the  computed  values  for  the  advanced  KE  round 
were  a  bit  low,  possibly  reinforcing  the  assumption  that  the  chrome  was  overwhelmed.  With  the 
addition  of  currently  excluded  physics,  the  predictions  should  improve. 

The  current  model  provides  the  us  with  the  ability  to  predict  the  effects  of  modifications  to 
the  propelling  charge,  and  chemical  propulsion  technique  i.e.  liquid  or  solid  propellants.  It  is 
evident  that  small  chemical  formulation  changes  greatly  alter  the  erosion  behavior  [28].  Tracking 
these  chemical  modifications  and  their  impact  on  the  erosion  behavior  is  now  possible.  This  tool 
may  be  especially  useful  in  estimating  the  erosive  behavior  before  the  development  of  new  charges. 
It  is  intended  to  be  used  as  a  platform  to  build  upon  to  include  the  mechamcal  portion  of  the  erosion 
and  to  investigate  other  physics  of  interest  such  as  the  effect  of  wear  reducing  additives  and  surface 
treatments.  Potentially,  newer  and  more  direct  mitigation  techniques  may  be  identified  once  the 
causality  of  a  specific  erosion  problem  is  determined.  Also,  this  model  has  been  written  to 
incorporate  boundary  conditions  from  future  interior  ballistic  codes  such  as  NGEN  [29].  NGEN 
will  be  fully  turbulent,  enabling  the  turbulent  reacting  boundary  layer  to  be  computed.  This  coupling 
will  strengthen  the  mass  and  heat  transfer  physics  and  enable  more  confidence  in  the  solutions. 
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ABSTRACT 

In  the  present  study,  the  action  of  the  hot  and  compressed  propellant  gas  flow  inside  the 
barrel  of  a  powder  gun  on  heat  transfer  and  barrel  erosion  has  been  investigated  (1)  theoretically 
using  the  boundary  layer  &  ablation  model  BABEL  and  (2)  experimentally  measuring  bore 
temperature  and  bore  surface  erosion  in  ISL’s  20-mm-  and  60-mm-caliber  erosion-guns.  For 
theoretical  description,  an  in-bore  boundary  layer  model  was  developed  using  some  basic 
assumptions  for  the  interior  gun  tube  flow.  Prandtl's  boundary  layer  equatioiis  were  used  to 
solve  the  unsteady,  compressible  and  turbulent  boundary  layer  development  at  discrete  pi^ojectile 
locations.  Melting  erosion  at  the  inner  surface  is  taken  into  account  in  this  interior  ballistics  heat 
•transfer  model.  This  allows  the  prediction  of  tube  erosion  where  melting  processes  at  the  bore 
surface  are  dominant. 

The  results  describing  the  development  of  the  compressible,  turbulent  boundary  layer  at  the 
inner  tube  wall  are  compared  with  heat  transfer  measurements  performed  in  ISL's  20-mm-  and 
60-mm-test-gun  by  use  of  thermocouples.  Erosion  measurements  are  carried  out  by  erosion 
surface  sensors  made  of  barrel  steel  in  20-mm-caUber  and  in  60-mm-caUber  by  measuring 
directly  the  diameter  increase  inside  the  bore.  It  can  be  found  that  the  agreement  between  the 
analytical  solutions  for  gun  tube  heating  &  ablation  with  the  experimental  results  of  gun-tube 
firing  is  quite  good,  though  there  are  sometimes  some  differences.  To  check  the  model 
applicability  carefully,  the  calculated  results  consider  the  structure  of  the  thermocouples 
consisting  of  a  thin  layer  of  nickel  on  a  steel  sensor  tip.  For  particular  reasons  the  surface  of  ^n 
tubes  is  coated,  e.g.,  by  chromium.  A  new  idea  is  to  use  two  thin  coating  layers,  i.e.,  chroimum 
on  copper  on  gun  steel.  How  the  inner  tube  temperature  is  afferted  by  this  measure  will  be 

discussed. 


1.  INTRODUCTION 

In  conventional  gun  tube  flows  generally  the  Reynolds  number  is  so  high  that  viscosity  and  heat 
conduction  are  important  factors  only  in  the  boundary  layer  at  the  inner  tube  wall.  Across  this 
wall  layer  the  velocity  increases  from  zero  to  free  stream  velocity,  and  the  gas  temperature 
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changes  from  the  temperature  at  the  inner  tube  surface  to  the  higher  gas  temperature  inside  the 
core  flow  of  the  propellant  gas.  For  the  theoretical  description  of  the  formation  of  the  turbulent 
boundary  layer,  usually  the  conservation  equations  for  mass,  momentum  and  energy  are  used. 
The  turbulence  of  the  flow  is  taken  into  account  with  a  turbulence  model,  e.g.,  the  k-e  model.  It 
is  diflBcult,  however,  to  find  an  analytical  solution  for  the  complex  system  of  equations  needed. 
Thus,  the  calculation  of  the  complete  set  of  differential  equations  must  be  performed  with 
numerical  methods,  e.g.,  [1-3]. 

Compared  with  these  efforts  an  analytical  solution  has  the  advantage  to  show  fastly  the 
influence  of  important  input  parameters,  although  perhaps  the  solution  is  due  to  some 
simplifications  not  as  exact  as  with  solving  the  full  set  of  equations.  Therefore  an  analytical 
solution  resulting  from  Prandtl's  boundary  layer  equations  has  been  developed  for  predicting  the 
formation  of  turbulent  in-bore  boundary  layer. 


2.  ANALYTICAL  BOUNDERY  LAYER  MODEL  FOR  GUN  TUBE  HEATING 
Existing  calculation  schemes 

If  only  the  boundary  layer  formation  is  taken  into  account,  then  simplified  conservation 
equations  [4]  can  be  applied.  Such  calculations  have  been  carried  out  by  MAY  and  Heinz  [5]  for 
the  case  of  a  compressible  and  laminar  tube  boundary  layer.  The  calculations  of  ADAMS  and 
KRIER  [6]  involve  the  unsteady,  compressible  and  turbulent  boundary  layer  using  the  boundary 
layer  equations  combined  with  a  simple  turbulence  model.  Again,  numerical  methods  are 
required  in  order  to  solve  the  differential  equations  in  references  [5]  and  [6], 

The  disadvantage  of  all  these  theoretical  models  is  that  they  are  time  consuming  and  require  a 
great  amount  of  computer  resources.  Therefore,  it  is  desirable  to  have  a  simplified  analytical 
solution  which  can  run  on  a  work  station  or  a  personal  computer  for  predicting  the  formation  of 
the  boundary  layer  in  gun  tube  flows,  even  if  it  yields  only  an  approximate  description  of  the 
realistic  event. 

Equations  for  boundary  layer  development 

The  simplified  formation  of  the  boundary  layer  inside  a  gun  tube  is  illustrated  in  the  schematic  of 
Fig.  1.  In  the  vicinity  of  the  base  of  the  projectile,  an  unsteady  boundary  layer  is  formed  at  the 
wall  of  the  gun  barrel,  called  "projectile  boundary  layer".  It  develops  instationary  downstream  as 
the  projectile  is  accelerated  down  the  tube.  In  addition,  a  stationary  bore  boundary  layer 
originates  at  the  breech:  "breech  boundary  layer".  The  entire  boundary  layer  formation  can  be 
described,  if  one  couples  both  the  projectile  and  breech  related  boundary  layers  at  equal 
boundary  layer  thicknesses. 

The  formation  of  the  gun  tube  boundary  layer  is  treated  in  two  dimensions  which  is  justified 
in  case  if  the  boundary  layer  thickness  is  small  compared  with  the  bore  diameter.  The  time- 
dependent  and  unsteady  boundary  layer  development  between  breech  and  projectile  will  be 
approximated  by  taking  into  account  the  actual  flow  pattern  upstream  of  the  projectile  at 
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successive  time  intervals  Ato,  Ati,  At2,...,  Atn  —  tn+i  -  to,  see  Fig.  2.  During  each  of  the  steps  Ato, 
Ati,  At2,...,  Atn  the  problem  is  treated  as  a  stationary  one,  wherefore  the  time-dependence  can  be 
withdrawn  of  Prandtl’s  boundary  layer  equations  used  [4].  Then  the  following  equation  can  be 
obtained  for  the  wall  shear  stress  Tw  [7]: 


x^=^f  pu(u2-u)+^J^f  (p2U2-pu)dy.  (1) 

dxo  dx  0 

The  experimentally  determined  velocity  profiles  in  turbulent  boundaiy  layers  are  given 
approjdmately  by  the  power-law  equation  [4]: 


u 

U2 


5<n^l0. 


(2) 


Introducing  equation  (2)  into  (1)  for  both  the  breech  and  the  projectile  boundary  layer  two 
sets  of  differential  equations  are  obtained  which  are  solved  with  the  following  boundary 
conditions  inside  the  outer  core  flow: 


(1)  the  flow  velocity  increases  linearly  fi'om  breech  (u  -  0)  to  projectile  (u  -  Up), 

(2)  gas  pressure  p  and  temperature  T  are  assumed  to  be  constant  along  the  tube  axis 

for  a  given  time  interval  Atn.  _ _ 


These  quantities  u,  p,  T  change  in  time  with  proceeding  projectile  displacement  Xp  -  Xp(t) 
along  the  gun  barrel:  p  =  p(t),  T  =  T(t).  The  flow  velocity  u(x,t)  =  Up  x/L  between  breech  and 
projectile  is  approximated  linearly  to  the  calculation  results  given  by  KRAUTH  [14].  From 
KRAUTH  [14]  the  gas  pressure  and  gas  temperature  is  nearly  independent  of  the  x-coordinate, 
except  the  beginning  of  the  firing  cycle,  wherefore  in  our  calculations  the  pressure  p  and  the 
temperature  T  is  set  only  a  function  of  the  running  time  t:  p  =  p(t),  T  =  T(t).  Integration  of  the 
two  differential  equations  yields  analytical  solutions  for  the  boundary  layer  thickness  5  and  the 
heat  flux  qgffom  gas  into  the  tube  surface  [8,  9]. 


Solution  for  the  projectile  boundary  layer  heat  flux: 

2  n  +  1 


( n  +  1 

+  3J 


n+3 


c,.(T,-T„)Pr  ^  p. 


*  *  'N 

V2 

u 

5 

6  J 

n  +  3 

2_  n  +  1 

2 

"  u 


(3) 


- 


-In  1- 


X  5 

L? 


n+3 
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Solution  for  the  breech  boundary  layer  heat  flux: 


n+1 


qg  (x)= 


n  +  l^n 

^n  +  sJ 


Cp(T,-T„)Pr 


n  +  3] 


X 

."•lJ 


n  +  1 
n+3 


(4) 


3.  WALL  TEMPERATURE  CALCULATION 

The  variations  of  the  c^culated  heat  flux  along  the  breech's  x-coordinate  in  equation  (4), 
resp.  along  the  projectile’s  x-coordinate  in  equation  (3),  are  very  small.  Therefore,  the  heat  flux 
q^(x),  resp.  qvvW,  into  the  tube  is  approximately  one-dimensional  in  depth  (y)  and  the  one¬ 
dimensional  heat-conduction  equation  was  applied.  By  integration  with  the  boundary  conditions 
given  in  [9],  one  obtains  the  following  solution  for  the  temperature  change  AT„  into  the  tube 
wall  as  a  function  of  the  heat  flux  q^Cx),  resp.  qw(x),  at  the  surface  (y  =  0),  [10]; 


(x,y,t)=  /  ^  ' 


exp 


/  2  ^ 
Pw  Cw  y 


dx. 


(5a) 


Introducing  the  heat  flux  q^  (x,y=0,t  =  ti,...t„)  of  equations  (3),  or  (4)  in  equation  (5a)  by 

assuming  that  the  heat  flux  at  the  surface  at  y  =  0  is  equal  on  both  the  gas  side  and  the  wall  side, 
with  qg(x,t)=q^(x,y=0,t),  the  temperature  distribution  Tw(x,y,t)  inside  the  gun  barrel  can  be 

calculated.  The  procedure  described  is  carried  out  for  each  time  interval  Ato,  Ati,  Ati,...,  Atn  at 
all  X  <  Xp  for  getting  the  temperature  distribution  Tw(x,y,t)  inside  the  gun  tube  with  projectile 
displacement  in  time.  Fig.  3  presents  schematically  the  q„(x)-variation  with  ongoing  time  t, 

with  qvv(x)  =  constant  during  each  time-step  Atn.  The  total  bore  temperature  increase  of  ATw.toui 

is  for  a  certain  time-step  given  as  follows: 


^“^1-  Qw,i  ~  Qw,i 

^2  •  ^w,2  “  ^  w,l  {^w,2  ~  ^  w,l ) 

t  =  t3;  q,^.  3  =  qyv,l+  (Qw,2  “  4w,i)  (4w,3  “  *iw,2) 

III  I 

•  •  •  •  •  ^ 

t=to  :  qw.n  =  qw,l+  (qw.2  -  q>v.l)  +  (qw.3  -  qw.2)  +  •••  +(qww.r  -  qw,n-l) 

4,  4'  'I'  'I' 

AT,,,»„^,  =  AT,,,+  AT,, ,2  +  AT, ,3  +  -  +AT,,„ 
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=■  AT.,^  =  i  AT„.k  (5b) 

k=l 

The  temperature  increase  for  each  ATwjc  is  calculated  with  equation  (5a)  and  vdll  be  a  function 
of  both  the  heat  flux  and  the  depth  (y). 


4.  ANALYTICAL  ABLATION  MODEL 
Assumptions 

It  is  assumed  that  ablation  occurs  only  by  melting  erosion  with  no  evaporation.  Melting 
erosion  often  takes  place  when  hot  gas  flows  vdth  a  high  stagnation  temperature  are  in  contact 
vwth  colder  walls.  This  process  is  extensively  treated  by  many  authors,  see  ADAMS  [15].  In  the 
paper  of  SEILER  [16]  an  analytical  ablation  model  for  calculating  melting  processes  on  the 
sharp-nose  cone  of  a  ram-projectile  is  described.  This  model  was  used  and  transformed  to 
predict  surface  melting  in  gun  barrels.  It  is  assumed  that  the  tube  geometry  remdns 
approximately  unchanged  by  heating  and  ablation,  i.e.,  ablation  is  small.  Therefore,  the 
boundary  layer  formation  is  considered  to  be  uninfluenced.  Due  to  strong  shear  stresses  it  is 
supposed  that  the  molten  material  is  wiped  away  from  the  bore  surface  immediately  as  it  is 
produced  by  heat  input  in  the  case  that  the  wall  temperature  exceeds  the  melting  temperature. 
That  means  that  no  liquid  layer  develops  on  the  solid  surface.  Heat  addition  from  melt  to  gas 
flow  is  not  considered. 

Ablation  equations 

Heating  and  melting  ablation  are  decoupled  during  time  interval  At^  at  each  point  x  along  the 
gun  tube  barrel.  Supposing  that  for  !<!„  the  wall  temperature  T^^_i(x,y,t<t„)  <  melting 
temperature  T^g,,  and  for  the  wall  temperature  T^^(x,y,t)  exceeds  first  time  the  melting 
temperature  T^^n  by  the  heat  input  into  the  wall  (x,  t) = qg ,  see  Fig.  4.  Now  melting  occurs 
in  the  layer  Ayj  at  time  interval  At^  and  the  melting  heat  h„eh  of  the  wall  material  has 

to  be  taken  into  account.  The  total  heat  flux  input  q^r^n  i"ost  be  divided  into  one  part  qc,n(X/t) 
for  heat  conduction  and  one  part  for  heat  of  melting: 


qw,n(x)  At„  =qc^(x)At„  +  ph^eit  Ayj,  j  =  (6) 

For  obtaining  the  molten  layer  Ayj(j  =  l,...m)  along  the  time  steps  n,  equation  (6)  can  be  solved 
with  equations  (5)  and  the  additional  assumption 

fw.total.n y~  yn+l)~fmelt  • 
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At  the  end  of  time  interval  At^  the  molten  layer  Ayj  is  wiped  away  by  the  shearing  forces 

excelled  by  the  strong  wall  shear  stress  x*.  The  described  processes  of  melting  and  shearing  are 
continued  during  the  whole  ram  acceleration  cycle,  as; 


Tw,n-i  <T„ 


t=t„:  >T„ 

>T„ 


Ayi=y„i-y. 


Ay}=y,*i-y.*i 


T  — T 

•••w^n+l  ■^m  > 

Tw,n+2  =  / 


T  >T 

•““w-n+m  ^  '■’m 


T  =T 

■**wAi+m  m  • 


m 

Then,  the  total  erosion  e  at  position  x  is:  e(x)=  ZAyj(x),  j=l,...in.  (9) 

pi 

5.  20-MM-CALIBER  GUN  BARREL  SET-UP  AND  INSTRUMENTATION 
The  20-mm-test-gun 

For  bore  temperature  detenmnation  single-shot  experiments  have  been  performed  in  a  test- 
gun  device  of  20-mm-caliber.  The  gun  setup  consists  mdnly  of  the  combustion  chamber,  the  ^ 
gun  tube  and  a  cylinder  inset,  see  Fig.  5a.  This  removable  cyUnder  tube  is  equipped  with  bore 
holes  in  two  measuring  cross-sections  (A)  and  (B)  which  can  be  instrumented  for  temperature 
gauging  with  thermocouples,  pressure  gauges  and  steel  erosion  sensors  for  measuring  ablation 
at  the  sensor  surface,  see  Fig.  5b.  The  steel  used  for  the  sensors  of  Fig.  6  is  the  same  used  for 
the  gun:  35  NCD  16.  Typical  features  of  the  test-gun  device  [11]  are:  The  barrel  is  not  rifled. 

The  projectile  is  starting  from  the  forcing  cone.  The  propellant  is  loaded  into  the  combustion 
chamber  inside  of  a  bag  and  the  charge  is  fired  \xa  an  electrical  igniter. 

Temperature  measurements 

For  bore  temperature  gauging  Ni-steel  thermocouples  have  been  developed  as  ^ven  in 
Figure  7.  They  consist  of  a  steel  housing  and  a  centered  nickel  wire  with  a  non-conductive  layer 
for  electric  insulation.  At  the  front  side  of  the  thermocouple  a  galvanic  nickel  layer  (thickness  10 
up  to  100  pm)  was  coated.  Therefore,  the  tube  temperature  is  measured  in  depth  at  the 
nickel/steel  contact  layer  and  not  at  the  inner  bore  surface. 


6.  COMPARISON  OF  HEATING  MODEL/20-MM-GUN 
Input  parameters 

The  propellant  considered  for  gun  firing  is  the  double-base  propellant  GB-Pa  125  with  an 
adiabatic  flame  temperature  of  3750  K.  A  58  g  charge  is  always  used.  All  computations  take 
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account  of  the  geometry  and  the  interior  ballistics  of  the  20-mm-test  device.  The  analytical 
solution  from  code  BABEL  is  based  on  gas  pressure,  gas  temperature  and  flow  velocity  as  they 
are  computed  as  boundary  conditions  by  the  numerical  method  of  Heiser  et  al.  [12].  The  Prandtl 
number  0.81  and  the  exponent  n  =  7  in  equation  (2)  are  used.  The  thermophysical  properties  as 
they  are  introduced  in  the  solution  of  the  heat  conduction  equation  (5a)  for  35  NCD  16  gun 
steel  are  as  follows:  density  p  =  7828  kg/m^  spedfic  heat  c  =  460  Ws/kg  K  and  heat  conduction 
X  =  36  W/m  K.  For  nickel  the  values  used  for  p,  c  and  X  are;  density  p  =  8900  kg/m^  specific 
heat  c  =  440  Ws/kg  K  and  heat  conduction  X  =  60  W/m  K.  Chromium:  density  p  =  6900  kg/m  , 
specific  heat  c  =  455  Ws/kg  K  and  heat  conduction  X  =  69  W/m  K. 

All  the  following  data  are  taken  at  the  first  measuring  station  (A)  down  the  tube  wWch  is  33 
mm  off  the  initial  starting  position  of  the  projectile's  base. 

Tube  made  of  steel 

In  the  following  some  results  calculated  with  equations  (5a,b)  applied  successively  along  the 
time-step  procedure  are  presented  and  compared  with  experimental  results.  Fig.  8  shows  the 
calculated  temperature  distribution  in  the  inner  wall  surface  in  depth  of  y  =  0  (upper  curve)/ 10/ 
30/  50  and  100  pm  (lower  curve)  as  they  are  chosen  for  the  experiment  assuming  gun  barrel  35 
NCD  16  steel  for  the  whole  wall. 

Steel  tube  with  nickel  layer 

The  thermocouples  used  have  a  nickel  layer  on  the  side  exposed  to  the  gas  flow.  To  compare 
more  realistically  theory  and  experiment,  the  nickel  layer  has  to  be  taken  into  account  in  the 
calculation  scheme.  A  second  heat  conduction  equation  has  to  be  solved  for  the  nickel  layer  on 
steel  [7].  Therefore,  two  solutions  are  present.  One  for  the  temperature  distribution  inside  the 
nickel  layer,  designed  with  the  index  (s): 


1  J}qw{0>t)  _  PsCsX^  .  V  «”f 


. ; 


O  O  ^  V 

PsCs(2nd  +  y)^^ 

V 

PsCs(2nd-y)^^ 

> 

d  T 

exp 

[  4?.s{t-x)  ^ 

^  4Xs(t-T)  ^ 

(10) 


1  Ps  ‘'S  ^s  J 
(pcX)*,eel 

i 

Ps  Cs  1  1 

(pcX)^el 

and  one  for  the  temperature  distribution  inside  the  steel  tube. 
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There  is  no  big  difference  between  the  results  in  Fig.  8  (steel  tube)  and  in  Fig.  9 
(0/10/30/50/100  nm  nickel  layer  on  steel),  which  show  the  bore  temperature  variation  in  depth 
of  y  =  0/10/30/50/100  pm.  This  comparison  means  that  the  nickel/steel  thermocouples  can  be 
used  successfully  for  temperature  gauging  in  steel  tubes.  The  deviations  between  both  cases, 
Figs.  8  and  9,  are  of  the  order  of  the  measuring  error  of  about  10%. 

The  experimental  results  are  given  in  Fig.  10  for  the  depth  of  10/30/50  and  100  pm.  The 
calculation  for,  e.g.,  the  depth  of  10  pm  ^ves  about  200  K  higher  maximal  wall  temperatures 
than  the  experiment  compared  with  the  corresponding  calculated  curves  in  Figs.  8  and  9.  The 
reason  for  the  deviation  can  be  probably  found  in  the  assumption  of  the  theoretical  model  an^or 
in  the  boundary  conditions  for  gas  pressure  and  gas  temperature  used  from  numerical 
calculations  [12]  which  are  done  for  the  20-mm-gun  firings  under  these  conditions.  In  depth  the 
deviation  between  theory  and  experiment  becomes  smaller. 

Steel  tube  with  chromium  coating 

It  is  preferred  to  extend  the  life-time  of  barrels  with  chromium  coatings  at  the  inner  surface. 
The  upper  curve  of  Fig.  1 1  shows  the  surface  temperature  at  y  =  0  for  the  steel  tube,  the  lower 
one  that  for  a  chromium  tube.  In  between  there  are  the  curves  for  chromium  coated  tubes  with 
100/200/300  pm  coatings.  Chromium  coating  reduces  the  tube  surface  temperature.  With  a 
chromium  layer  of  already  200  pm  a  maximum  surface  temperature  reduction  can  be  obt^ed. 
An  important  result  is,  that  in  chromium  coated  steel  tubes  the  temperature  under  the  chromium 
layer  is  consequently  excerted  to  smaller  temperatures  than  at  the  surface  of  a  tube  without 
chromium. 

Ablation 

The  melting  erosion  on  steel  can  be  calculated  with  the  procedure  of  equation  (9).  For  the  fired 
gun  cycle  with  the  58  g  GB-Pa  125  powder  charge,  at  measuring  station  (A)  33  mm 
downstream  of  the  projectile's  base  at  time  t  =  0,  the  surface  erosion  is  estimated  with  equation 
(9)  to  e  =  1  pm  per  shot.  In  Fig.  12  the  behavior  of  melting  erosion  is  clearly  seen.  Erosion 
becomes  dominant  only  for  a  short  time  period  at  the  beriming  of  the  gun  firing.  Then  melting 
stops  and  the  ablation  remains  unchanged.  Experimental  data  are  available  from  so-called 
"Knoop  indentations"  pressed  into  erosion  sensors,  see  Fig.  13.  In  measuring  there  length  before 
and  after  firing  the  loss  in  depth  can  be  determined  [13]  to  more  than  1.25  pm  per  firing. 
Though  the  ablation  model  is  very  simple,  the  calculated  and  measured  erosion  rate  is  of  the 
same  order.  This  comparison  shows  that,  as  assumed  for  the  ablation  calculation,  here  mainly 
melting  processes  are  responsible  for  tube  wear  which  is  some  orders  higher  than  without 
surface  melting  processes. 


7.  60-MM-CALIBER  EROSION  GUN 

The  60-mm-caliber  erosion  gun  (Fig.  14)  is  specially  designed  for  testing  inner  coatings  in 
steel  barrels.  The  gun  barrel  begins  with  a  tube  segment  of  170  mm  length  which  is  used  for  the 
erosion  measurements.  This  cylindrical  inset,  see  Fig.  15,  can  be  removed  for  erosion 
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investigations.  This  removable  segment  is  equipped  with  bore  holes  for  temperature  and 
pressure  gauging.  Erosion  data  are  gathered  by  determining  the  increase  of  the  inner  bore 
diameter.  As  for  the  20-mm-gun  the  bore  temperature  is  measured  with  the  thermocouples 
shown  in  Fig.  7. 

Pressure  and  temperature  distributions  are  shown  in  Fig.  16:  pressure  PI  at  m^uring  ^tion 
Ml  (combustion  chamber),  P2  and  barrel  temperature  T2  at  station  M2.  M2  is  placed  in  the 
middle  of  the  170  mm  long  cylindrical  erosion  inset.  The  gun  powder  used  is  1.2  kg  GB-Tu  125 
and  the  projectile  mass  is  typically  1 .5  kg  with  a  nylon  driving  band.  Gun  firings  have  bera  done 
with  (1)  steel  erosion  tubes  (35  NCD  16),  (2)  erosion  tubes  coated  with  150  urn  chromium  on 
steel  and  (3)  coated  with  50  tim  chromium  on  a  copper  layer  on  steel.  Met^ographic 
investigations  in  the  tube  inset  layers  have  been  carried  out  but  the  results  are  not  included  in 
this  paper. 

The  travel  of  the  projectile  inside  the  barrel  was  calculated  taking  into  account  the  pressure 
forces  acting  at  the  base  of  the  projectile.  The  result  is  given  in  Fig.  17  with  the  velocity 
distribution  fitted  to  the  experimentally  determined  muzzle  velocity.  The  gas  pressure  and 
temperature  variations  in  time  at  the  projectile's  base  along  its  travel  is  drawn  in  Fig.  18.  These 
data  are  determined  for  shot  no.  20  and  are  used  as  input  parameters  for  the  boundary  layer  & 
ablation  BABEL-calculations. 


8.  COMPARISON  OF  HEATING  &  ABLATION  MODEL/60-MM-GUN 
Input  for  BABEL-Code 

The  same  input  parameters  are  used  as  previous  discussed  for  the  20-mm-gun  calculations, 
concerning  the  thermophysical  properties  density,  specific  heat  and  heat  conduction  for  the  gun 
barrel  steel  as  well  as  for  nickel  and  chromium.  Additionally,  the  data  for  copper  are  enclosed: 
density  p  =  8342  kg/m^,  specific  heat  c  =  476  Ws/kg  K  and  heat  conduction  X  =  359  W/m  K. 
Reinforced  copper  is  used  to  make  it  more  resistant  against  mechanical  forces  excerted  by  the 
projectile  and  the  gas  pressure. 

Steel  tube  with  nickel  layer/thermocouple 

A  comparison  between  temperature  measuring  results  gathered  with  the  thermocouple 
sensors  and  BABEL-calculations  are  compared  in  Fig.  19  for  shot  no.  20.  The  calculations  are 
done  for  a  hypothetical  gun  tube  with  a  10  pm  nickel  layer  on  gun  steel  to  model  the 
thermocouple  design  with  10  pm  nickel  on  steel  housing.  The  calculated  profile  begins  as  steep 
as  the  experimental  one.  Also  the  maximum  temperature  is  in  good  agreement. 

Steel  tube 

The  bore  temperature  distributions  calculated  with  BABEL  for  predicting  the  nickel/steel 
thermocouple  measuring  results  in  depth  of  10  pm  show,  compared  with  that  in  steel  (Fig.  20: 
10  pm  depth),  a  deviation  which  is  smaller  than  the  already  mentioned  measuring  error  of  10%. 
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Therefore  the  thermocouples  could  practically  be  used  vwthout  temperature  transformation  to 
determine  the  temperature  in  barrels  of  steel  guns,  in  case  the  thermocouple  housing  is  of  the 
same  steel  type  as  used  for  the  barrel. 

Ablation 

Using  the  procedure  of  equation  (9),  the  total  melting  erosion  e  was  estimated  at  two 
positions;  6  cm  and  9  cm  upstream  of  measuring  station  M2.  It  can  be  seen  that  the  calculated 
melting  erosion  increases  towards  the  erosion  tube  inlet  (upstream)  and  decreases  downstream. 
The  calculated  melting  ablation  is  in  good  agreement  witWn  the  limits  given  from  the  experiment 
on  the  one  hand  at  the  inlet  to  the  erosion  tube  (30  pm  per  shot)  and  on  the  other  hand  at  the 
outlet  (10  pm  per  shot).  This  result  supports  the  model  assumptions  of  steel  melting  followed  by 
wiping  and  shows  the  good  applicability  of  model  BABEL  to  describe  interior  gun  tube  heating 
and  ablation. 

Steel  tube  with  chromium  coating 

A  chromium  coating  reduces  the  surface  bore  temperature  compared  with  the  case  of  m 
uncoated  steel  tube,  see  Fig.  22  for  150  pm  chromium  layer  on  steel  tube.  Fig.  23  shows  that  in 
depth  of  150  pm  (contact  layer  chromium/steel)  the  bore  temperature  is  slightly  higher  in  a 
chromium/steel  tube  compared  with  the  simple  steel  case.  An  important  result  is  the  fact  that 
with  chromium  coating  the  steel  barrel  is  protected  against  the  high  maximum  temperatures  of 
about  T  =  1800  K  seen  in  Fig.  22.  The  150  pm  chromium  layer  decreases  the  maximum  steel 
temperature  by  about  AT  »  800  K  to  about  T  =  1 000  K. 

It  is  also  important  to  optimize  the  chromium  layer  thickness  for  protecting  optimally  the 
steel  barrel  against  too  high  temperatures.  Therefore  BABEL-calculations  have  been  done  with 
50/150/250  pm  thick  chromium  layers  on  steel  barrels.  The  results  are  depicted  in  Figs.  24  and 
25.  At  the  inner  surface  a  chromium  layer  thickness  of  50  pm  can  be  tolerated.  More  than  150 
pm  is  not  necessary,  see  Fig.  24.  In  order  to  reduce  the  temperature  of  the  steel  tube,  e.g., 
below  T  =  800  K  a  chromium  layer  of  minimum  more  than  150  pm  is  desirable.  A  good 
compromise  between  a  thin  chromium  layer  and  a  low  steel  temperature  seems  to  be  a  coating 
thiclmess  of 200  pm. 

Steel  tube  with  chromium  coating  on  a  copper  layer 

To  reduce  the  bore  temperature  drastically,  a  good  heat  conducting  coating  material  should  be 
used.  Calculations  with  reinforced  copper  show  that  the  bore  temperature  can  be  dropped 
strongly.  Newest  calculations  with  a  50  pm  chromium  layer  to  protect  the  copper  layer 
underline  this  effect.  The  surface  temperature  at  the  chromium  layer  is  quite  high  (Figs.  26  and 
27),  but  in  depth  the  steel  tube  temperature  remains  nearly  unchanged.  Future  efforts  will  be  to 
optimize  the  chromium  and  copper  layer  thicknesses  or  to  exchange  one  or  both  materials. 
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9.  CONCLUDING  REMARKS 

Temperature  informations  on  gun  tube  heating  are  very  important  in  erosion  res^ch. 
Therefore,  in  the  present  study  the  boundary  layer  formation  has  been  investigated  theoretically 
and  experimentally.  For  theoretical  description  an  analytical  approximation  be^nning  with 
Prandtl's  boundary  layer  equations  has  been  used.  The  calculation  results  yield  informations  on 
parameters  such  as  boundary  layer  thickness  and  heat  flux  into  the  tube  wall.  Surface  erosion  by 
melting  processes  was  considered  with  an  ablation  model.  The  results  describing  the 
development  of  the  compressible,  tuihulent  boundary  layer  and  the  heat  transfer  at  the  inner 
tube  wall  are  used  to  find  an  analytical  solution  of  the  heat  conduction  equation  for  calculating 
the  bore  temperature  at  the  inner  surface  and  in  depth. 

These  results  are  compared  with  bore  temperature  measurements  in  the  ISL  20-mm  and  60- 
mm-caliber  test-guns  using  special  ISL  nickel/steel  thermocouples.  These  thermocouple 
measurements,  carried  out  in  depths  up  to  100  pm  are  used  to  show  the  good  applicability  of 
the  interior  ballistics  boundaiy  layer  model  at  realistic  interior  flow  conditions.  In  firing,  e.g.,  in 
the  20-mm-caliber-gun  the  "hot"  GB-Pa  125  propellant,  surface  melting  occurs  in  the  order  of 
more  than  1  pm  per  shot.  The  erosion  rate  predicted  by  the  given  boundary  layer  model  for  gun 
tubes,  BABEL,  is  of  the  same  range.  The  60-mm-gun  erosion  rates  have  been  gathered  fi-om  the 
bore  diameter  directly.  Comparable  results  are  given  fi'om  the  ablation  model  taking  into 
account  melting  processes  at  the  steel  bore  surface. 

In  summary,  it  is  found  that  the  agreement  between  the  analytical  solutions  for  gun  tube 
heating  and  melting  erosion  with  the  experimental  results  of  gun-tube  firing  is  quite  good.  The 
model  input  parameters  are:  the  pressure  distribution  at  the  projectile  base  and  its  velocity  travel 
along  the  gun  barrel  up  to  the  muzzle.  Then,  with  a  CPU-time  of  some  seconds  on  a  IBM  3090 
or  a  PC  the  computer  code  calculates  the  whole  heat  transfer  history  using  a  time-step- 
procedure  along  the  projectile's  in-bore  flight.  In  this  theoretical  model  the  experimental  firing 
cycle  data  mentioned  are  directly  used  for  the  theoretical  calculation  of  tube  temperature  and 
melting  erosion  along  the  path  of  the  projectile  inside  of  a  powder  gun.  For  a  full  theoretical 
description  it  is  possible  to  use  a  characteristics  model,  e.g.,  [14]  to  provide  from  theoretical 
point  of  view  the  input  parameters  mentioned  above. 
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Figure  1.  Schematic  of  boundary  layer  formation 
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Fig.  3.  Bore  temperature  calculation  procedure 
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surface  erosion  along  time^steps 
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Fig.  4.  Temperature  and  ablation  Ay^ ...  Ay„  along  time-step-procedure 


Fig.  5a.  Gun  tube  set-up  of  20-mm-caliber  device 
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Fig.  5b.  Circular  erosion  tube  inset 
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Fig.  7.  Thermocouple 
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Fig.  8  Calculated  bore  temperature  for  steel  tube  in  depth  of  0/10/30/50/100  pm 
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Fig.  9  Calculated  bore  temperature  for  a  nickel  coated  steel  tube:  depth  of 0/10/30/50/100  pm 
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Fig.  10.  Measured  wall  temperature  in  depth  of  y  =  10/30/50/100  pm 
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Fig.  11.  Surface  temperature  for  steel,  100/200/300  pm  chromium  coatings,  pure  chromium 
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Fig.  12.  Calculated  and  measured  20-mm-gun  erosion 
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Fig.  13.  Knoop  indentations 
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Fig.  14.  Photography  of  60-mm-caliber  erosion  gun 


Fig.  15.  Schematic  set-up  of  60-mm-gun  with  built  in  erosion  tube  (cylinder  inset) 
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Fig.  16.  Pressure  and  temperature  distributions  at  measuring  stations  Ml  and  M2 
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Fig.  17  Calculated  projectile  velocity 
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Fig.  18.  Gas  pressure  and  gas  temperature  at  projectile  base 
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Fig.  19.  Measured  and  calculated  bore  temperature  in  depth  of  10  pm 
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Fig.  20.  Bore  temperature  for  steel  tubes  and  tubes  coated  with  10  pm  nickel 


1 

40  *“ 

0> 

c 

30  - 

*5 

2 

0) 

fc 

CO 

XI 

10  - 

9  cm  upstream  M2 

6  cm  upstre 

!am  M2 

inlet  of  erosion  tube 

1 

^measured  erosion 

/ 

outlet  of  erosion  tube 

time  t/ms 

Fig.  21.  Experimental  and  calculated  bore  melting  erosion 
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Fig.  22.  Bore  surface  temperature  for  steel  tubes  and  tubes  coated  with  150  pm  chromium 


Fig.  23.  Bore  temperature  in  depth  of  150  pm  for  steel,  steel  coated  with  150  pm  chromium 
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Fig.  24.  Bore  surface  temperature  for  steel  tubes  coated  with  50/150/250  pm  chromium 
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Fig.  25.  Temperature  distribution  at  the  contact  surface  in  depth  between  chromium  and  steel 
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Fig.  26.  Temperature  distr.  at  (1)  surface,  (2)  contact  surface  Cr/Cu  and  (3)  Cu/steel 
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Fig.  27.  Temperature  distr.  in  depth  at  measuring  station  M2  for  Cr/Cu  layers  on  steel 
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ABSTRACT: 

This  paper  presents  a  detailed  comparison  between  experimentally  measured 
barrel  temperatures  and  those  predicted  using  the  FNGUN  gun  design  software  for  an 
81  mm  mortar  system.  In  particular,  it  has  been  shown  that  simulations  can  be  used 
to  obtain  accurate  data  which  can  be  used  to  support  the  design  process  both  rapidly 
and  for  a  wide  range  of  different  firing  conditions. 

The  extensive  experimental  trials  recorded  the  increase  in  barrel  temperature 
resulting  from  the  sequential  firing  of  a  large  number  charges  followed  by  the 
subsequent  cooling  of  the  barrel  back  to  ambient  temperature.  Results  were  recorded 
for  different  charge  configurations  and  different  rates  of  fire.  By  positioning 
thermocouples  along  the  length  of  the  barrel  it  was  possible  to  measure  both  temporal 
and  axial  variation  in  temperature  of  the  barrel. 

Prior  to  simulating  the  barrel  heating,  FNGUN  was  used  to  predict  the  internal 
ballistic  performance  of  the  mortar  including  the  spatial  and  temporal  variation  of 
propellant  gas  temperature  within  the  barrel.  The  predicted  results  for  muzzle 
velocity  and  peak  pressure  showed  good  agreement  with  the  experimental  results 
across  the  range  of  charge  configurations  which  were  considered  e.g.  muzzle 
velocities  were  predicted  within  2-4%  of  those  measured. 

Using  the  propellant  gas  data  as  input,  the  FNGUN  Thermal  Module  was  then 
used  to  predict  the  long  term  heating  and  cooling  of  the  barrel  at  a  number  of 
positions  along  the  barrel.  The  simulation  of  barrel  heating  was  found  to  be  in 
excellent  agreement  with  the  experimental  results.  For  example,  after  the  sequential 
firing  of  over  160  rounds  FNGUN  predicted  the  maximum  barrel  temperature  to 
within  2%  of  that  measured.  Furthermore  the  predicted  thermal  gradient  along  the 
barrel  showed  good  agreement  with  the  measured  results. 

Frazer-Nash  Consultancy  gratefully  acknowledge  British  Aerospace  Defence, 
Royal  Ordnance,  Nottingham,  UK  for  permission  to  use  their  experimental  results  for 
their  L16A2  81mm  mortar  and  Mk4  Charge  system  in  this  paper. 
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INTRODUCTION 

Knowledge  of  the  barrel  temperature  is  an  important  parameter  in  the  design  of  all  types  of 
gun  since  it  plays  a  role  in  determining  factors  such  as: 


•  Permitted  Maximum  Gun  Pressure 

•  Barrel  Fatigue  Life 

•  Barrel  Wear  or  Erosion 

•  “Cook  Off’ Delay 

In  the  case  of  mortars  and  machine  guns  the  maximum  permitted  gun  pressure  is  strongly 
influenced  by  the  temperature  profile  along  the  barrel.  Since  there  is  a  often  a  only  small 
temperature  difference  between  the  inner  and  outer  walls  of  the  barrel  and  the  integrity  of  the  gun 
is  usually  limited  by  the  hot  strength  of  the  barrel  steel.  This  is  in  contrast  to  other  tyi^s  of  gun 
where,  although  the  transient  bore  temperatures  may  be  higher,  the  barrel  walls  are  often  much 
thicker  and  there  is  a  significant  temperature  difference  through  the  wall  of  the  barrel. 

While  experimental  trials  provide  an  important  means  of  determining  gun  barrel 
temperatures,  they  can  be  expensive  to  conduct.  Consequently,  if  the  gun  designer  has  a  rehab  e 
means  of  predicting  temperatures  from  information  about  the  charge  and  gun  barrel  tnals  costs 
may  be  substantially  reduced,  particularly  when  the  effect  of  different  firing  patterns  needs  to  be 
considered. 


EXPERIMENTAL  TRIALS 

One  of  the  main  aims  of  the  experimental  trials  conducted  by  Royal  Ordnance  [1]  was  to 
determine  a  definitive  temperature  profile  for  the  L16A2  mortar  barrel  under  typical  operating 
conditions.  This  was  achieved  by  firing  a  series  of  trials  with  different  charges  and  at  different 

firing  rates. 
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In  order  to  determine  the  likely  maximum  barrel  temperatures  under  hot  ambient 
conditions  the  trials  were  carried  out  using  a  barrel  and  rounds  which  were 
ambient  temperature  i.e.  the  barrel  typically  had  an  initial  temperature  of  50-45  deg  C  (1.0  d^  ) 
whereas  the  average  temperature  of  the  ammunition  and  charge  was  25  deg  C  (80  deg  t).  unce 
firing  had  commenced,  the  barrel  temperature  rapidly  increased  as  would  be  expected.  However 
it  was  not  possible  to  maintain  the  ambient  air  temperature  in  the  vicinity  of  the  barrel  at  its  imtiai 
value.  For  example,  the  air  temperature  close  to  the  barrel  typically  decreased  trom 
approximately  30  deg  C  (85  deg  F)  at  the  start  of  the  firing  to  the  “global”  ambient  temperature 

of  approximately  13-15  deg  C  (60  deg  F). 

In  each  trial  the  temperature  of  the  barrel  was  recorded  at  2  s  intervals  on  its  outside 
surface  and  at  7  locations  along  its  length,  see  Figure  1.  Two  thermocouples  were  positione 
diametrically  opposite  each  other  at  each  location  in  order  to  improve  the  reliability  of  the  results. 

In  general,  firing  was  continued  until  the  maximum  temperature  of  the  barrel  reached  an 
equilibrium  with  the  environment  i.e.  it  did  not  increase  further.  The  exact  number  of  rounds 
required  to  reach  the  equilibrium  value  depended  on  the  charge  type  and  firing  rate.  M  an 
example,  when  Charge  6  was  fired  at  a  rate  of  12  rounds  per  minute  (r.p.m.)  the  equilibrium 
temperature  was  reached  after  approximately  160  rounds  i.e.  13-14  minutes. 

For  two  of  the  trials  the  barrel  cooling  was  also  measured  for  a  period  of  approximately 
18  minutes  after  firing  was  stopped. 

Figure  2  shows  a  typical  set  of  experimental  results  from  the  trials  i.e.  the  recorded 
temperatures  for  Charge  6  being  fired  at  a  rate  of  12  r.p.m.  during  both  the  heatmg  and  cooi,„g 
phases.  The  Figure  shows  that  the  maximum  temperature  is  approximately  500  deg  L  (93  g 
F)  and  that  this  maximum  occurs  in  a  region  approximately  300  mm  from  the  breech. 

Figures  3  and  4  show  the  recorded  temperatures  for  Charge  4  being  fired  at  a  rate  of  12 
r  p  m  and  Charge  6  at  6  r.p.m.  during  the  heating  phase  only.  For  these  cases,  the  maximum 
temperatures  decrease  to  approximately  445  deg  C  and  370  deg  C  respectively.  The  maximum 
values  of  temperature  occur  again  in  a  region  approximately  300  mm  from  the  breech. 


INTERNAL  BALLISTICS 

In  order  to  predict  the  heating  of  the  barrel  it  is  first  necessary  to  have  an  accurate 
knowledge  of  both  the  spatial  and  temporal  variation  in  propellant  gas  temperature  within  the  gun 
i  e  it  is  necessary  to  carry  out  an  internal  ballistics  simulation.  For  the  simulations  presented  here 
the  internal  ballistics  code  FNGUN  [2]  was  used  to  determine  the  gas  temperatures  from  details 
of  the  propellant  type,  charge  mass,  projectile  and  gun  tube  layout. 

The  measured  and  predicted  pressure-time  curves  for  Charge  6  at  21  deg  C  are  shown  in 
Figures  5a  and  5b  receptively.  The  two  figures  show  that  there  is  good  agreement  between  the 
two  sets  of  results.  The  small  “kink”  in  the  pressure  time  curve  corresponds  to  the  reflection  of 
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the  shot  exit  pressure  pulse  back  to  the  breech  and  is  seen  in  both  traces.  The  predicted  muzzle 
velocity  is  within  2%  of  the  measured  value.  Based  on  the  same  propellant  information,  the 
predicted  muzzle  velocity  for  Charge  4  was  found  to  be  within  4%  of  the  measured  value. 

Figures  6a  and  6b  show  the  predicted  spatial  and  temporal  variation  in  gas  temperature 
during  the  internal  ballistic  process,  each  line  in  Figure  6b  represents  the  predicted  gas 
temperature  at  0.1  ms  intervals  during  the  internal  ballistic  process.  In  particular,  Figure  6b 
shows  the  high  transient  gas  temperatures  which  occur  close  to  the  point  of  obturation  of  the  shot 
and  at  the  breech  face  where  the  flow  stagnates.  In  these  regions,  the  gas  temperature  can  be 
significantly  higher  than  the  flame  temperature,  e.g.  circa  3,700  deg  C  (6,600  deg  F)  albeit  for 
only  a  few  ms. 


THE  SIMULATION  OF  BARREL  HEATING 

The  FNGUN  Thermal  Module  calculates  the  barrel  temperature  by  solving  the  equations 
for  radial  and  axial  conduction  through  the  barrel  wall.  Forced  and,  or  natural  convection  is 
assumed  to  occur  at  the  outside  surface  of  the  barrel,  see  Figure  7. 

The  heat  input  to  the  barrel  is  determined  from  the  spatial  and  temporal  variation  of 
propellant  gas  temperature  and  is  taken  directly  from  the  internal  ballistics  simulation.  The  heat 
input  to  the  barrel,  q,  is  calculated  from  the  following  equation  within  each  calculation  cell: 

q  =  h„  (T  -  T.) 

Where  T„  is  the  propellant  gas  temperature  within  the  calculation  cell  e.g.  taken  from  the 
data  shown  in  Figure  6,  T*  is  the  temperature  of  the  barrel  wall  i.e.  taken  from  the  previous  time 
step  and  h„  is  the  heat  transfer  coefficient  at  the  bore  wall.  The  heat  transfer  coefficient  h*  is 
calculated  at  each  time  step  and  at  each  point  along  the  barrel  wall  from  the  local  flow  using  the 
following  dimensionless  relationship  [2]  and  [3]: 

Nu.  =  0.0137  Re.''''-'Pr'’-''' 


Where  Nu  is  the  local  Nusselt  No.,  Re  is  the  local  Reynolds  No.  and  Pr  is  the  local  Prandtl 
No: 


Nux  =  h«/k,  Rc:,  =  pCxX/|i,  Pr  =  Cpp/k. 

Where  p,  Cp,  p,  and  k  are  the  gas  density,  specific  heat  capacity,  dynamic  viscosity  and 
conductivity  respectively  and  Cx  is  the  gas  velocity  outside  the  boundary  layer. 

The  FNGUN  Thermal  Module  solves  the  above  equations  in  two  distinct  ways  which 
depend  on  the  timescales  under  consideration.  While  the  shot  is  still  in  the  barrel  and  shortly  after 
it  has  left,  i.e.  for  approximately  ten  milliseconds  in  this  case,  the  equations  are  solved  using  an 
explicit  time  stepping  approach  where  the  time  step  length  is  typically  a  fraction  of  a  millisecond 
and  is  determined  from  the  rate  of  heat  diffusion.  Once  the  shot  has  left  the  barrel,  the  time  up  to 
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the  next  firing,  i.e.  typically  a  period  of  seconds,  is  simulated  using  an  implicit  solution  of  the 
equations.  This  approach  means  that  overall  solution  times  are  kept  to  a  minimum.  For  example, 
if  an  explicit  approach  is  used  for  whole  solution  the  run  times  can  be  extremely  long  owing  t^o 
the  need  for  a  small  time  step  during  the  period  when  the  shot  is  in  the  barrel  [4],  Similarly,  the 
use  of  an  implicit  approach  can  lead  to  inaccuracies  during  the  very  short  timescales  while  t  e 

shot  is  in  the  barrel. 

In  practice  the  switch  over  between  the  two  solution  techniques  is  fully  automatic.  Table 
1  gives  examples  of  the  run  times  (based  on  the  use  of  a  486PC  running  at  66MH2)  for  two  of  the 
cases  presented  here. 

Table  1  -  Typical  Elapsed  Run  Times  for  the  Simulation  of  Barrel  Heating 


Case 

Run  Time 
(mins/secs) 

Single  Shot  Charge  6 

45  secs 

160  Rounds  Charge  6 
at  12  r.p.m  plus  18 
minutes  cooling 

60  mins 

Figure  8  shows  an  example  of  the  predicted  bore  temperature  at  the  7  therrnocouple 
positions  for  a  single  firing  for  a  total  duration  of  about  20  ms  from  the  time  of  ignition  re. 
including  a  period  of  about  14  ms  after  shot  exit.  This  figure  shows  that  after  a  single  shot  the 
maximum  bore  temperature  is  only  200  deg  C  and  that  the  bore  wall  cools  quite  rapidly  e.g.  it  has 
reduced  to  130  deg  C  in  15  ms.  The  figure  also  shows  that  the  maximum  temperature  occurs 
close  to  the  point  of  obturation  (Position  2)  and  that  the  temperatures  nearer  the  breech  (Position 
1)  and  towards  the  muzzle  (Positions  6  and  7)  are  significantly  lower. 


DISCUSSION  OF  RESULTS 

A  comparison  between  the  measured  and  predicted  barrel  temperature  close  to  the  point 
of  shot  obturation  (Position  2)  when  firing  Charge  6  at  12  r.p.m.  is  shown  in  Figure  9.  This 
figure  shows  that  the  general  form  of  the  simulated  temperature  rise  is  m  good  agreement  with 
the  measured  results,  in  particular  the  maximum  temperature  following  the  discharge  of 
approximately  160  rounds  is  predicted  to  within  2%. 

A  similar  comparison  when  firing  Charge  6  at  the  slower  rate  of  6  r.p.m.  is  shown  in 
Figure  10.  Again  it  can  be  seen  that  the  general  shape  of  the  heating  curve  is  predicted  well  and 
that  the  maximum  temperature  agrees  within  2%. 

Figure  1 1  gives  a  comparison  between  the  measured  and  predicted  barrel  wall 
temperatures  along  the  axis  of  the  barrel.  This  figure  shows  that,  in  a  similar  manner  to  the 
predicted  results  for  a  single  firing  (Figure  8),  there  is  a  considerable  variation  in  temperature 
along  the  barrel  with  the  maximum  occurring  close  to  the  point  of  obturation  e.g.  approximately 
300  mm  from  the  breech  face. 
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Close  to  the  breech,  the  temperature  is  somewhat  lower  than  the  maximum  e.g. 
approximately  300  deg  C  rather  than  500  deg  C.  As  might  be  expected  the  temperature  is  also 
significantly  lower  at  the  muzzle. 

The  reasons  for  the  variations  in  temperature  along  the  barrel  occur  because  the 
temperature  of  the  barrel  at  any  particular  point  is  a  function  of  a  number  of  factors  including  the 
following: 

•  the  maximum  propellant  gas  temperature  at  that  point  in  the  barrel 

•  the  time  for  which  that  region  of  the  barrel  is  exposed  to  the  high  temperature 

•  heat  transfer  at  that  point  which  is  largely  influenced  by  the  local  gas  velocity 

For  example,  the  maximum  barrel  temperature  tends  to  occur  close  to  the  point  of 
obturation  because  it  is  exposed  to  the  highest  propellant  gas  temperature  anywhere  in  the  barrel 
and  it  is  subjected  to  the  high  temperature  for  a  relatively  long  period  of  time  (perhaps  only  2  ms 
in  absolute  terms). 

While  the  region  close  to  the  breech  is  also  exposed  to  high  gas  temperatures,  the  local 
gas  velocity  and  hence  heat  transfer  is  lower,  therefore  the  barrel  wall  temperatures  tend  to  be 
lower. 


Figure  12  shows  the  predicted  variation  in  pressure  as  a  function  of  distance  along  the 
barrel  from  the  internal  ballistic  simulation,  each  line  representing  the  pressure  at  0.1  ms  intervals 
during  the  internal  ballistic  process.  These  results  can  be  combined  with  the  corresponding 
variation  in  barrel  wall  temperature  (Figure  11)  to  provide  the  data  necessary  to  determine  the 
required  strength  of  the  barrel. 


CONCLUSIONS 

Knowledge  of  the  barrel  wall  temperature  plays  an  important  part  in  the  gun  design 
process  since  it  influences  many  issues  such  as  gun  bore  erosion  and  overall  barrel  strength,  the 
later  being  particularly  important  in  determining  the  maximum  permitted  gun  pressure  in  the  case 
of  mortars. 

While  experimental  trials  will  undoubtedly  continue  to  play  a  major  role  in  the 
determination  of  barrel  temperatures,  the  simulation  of  gun  barrel  heating  can  provide  a  valuable 
and  reliable  addition  to  experimental  work.  In  particular,  owing  to  the  expense  of  trials,  it  is 
often  only  possible  to  determine  barrel  temperatures  under  a  relatively  limited  range  of  conditions 
e.g.  particular  firing  patterns  and  environmental  conditions.  Consequently,  simulation  can  be 
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used  to  supplement  trials  data  by,  for  example,  providing  data  on  the  effects  of  changes  to; 

•  The  typical  “battle  field  day”  consisting  of  different  rates  of  fire  and  pauses  between 
firing. 

•  The  design  of  the  barrel  e.g.  the  extent  of  the  barrel  with  cooling  fins 

•  The  environmental  conditions 

•  The  Charge  design  e.g.  using  a  cooler  burning  propellant 

Furthermore,  owing  to  the  speed  with  which  simulations  can  be  carried  out,  the  data  from 
the  simulations  are’  available  within  timescales  which  can  influence  the  design  process  in  a 
beneficial  manner. 
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Figure  7  -  Schematic  Representation  of  Barrel  Heating  Problem 
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ABSTRACT 

The  firing  of  a  gun  is  a  highly  dynamic  event  that  results  in  rapid  temperature 
excursions  in  the  gun  barrel  wall,  particularly  in  the  bore  surface  location.  In  medium 
caliber  weapons  using  high  impetus  ammunition,  these  temperatures  can  vary  by  more  than 
1200C°  within  a  0.25  second  period.  It  is  critical  for  the  gun  barrel  designer  to  have  tools 
that  accurately  predict  the  temperature  distribution  in  the  barrel  to  enable  the  selection  of 
proper  gun  barrel  materials  and  development  of  an  adequate  barrel  configuration.  Tools 
such  as  XKTC,  a  ballistics  code,  and  FDHEAT,  a  finite  difference  heat  transfer  code,  have 
been  developed  by  Benet  Laboratories  to  predict  the  gun  barrel  wall  temperature 
distribution.  However,  continued  improvement  in  these  codes  and  the  confidence  in 
applying  them  to  new  gun  barrel  designs  and  ammunition  will  depend  on  verifying  their 
accuracy.  A  modified  medium  caliber  M242  gun  barrel  is  being  designed  that  will 
accommodate  increased  rates  of  fire  with  a  high  impetus  ammumtion  having  a  flame 
temperature  of  3550K.  The  barrel  uses  a  partial  liner  to  protect  the  barrel  jacket  in  the 
regions  of  greatest  heat  input  and  has  an  increased  mass  to  provide  additional  capacity  for 
thermal  energy  management  near  the  muzzle  end. 


INTRODUCTION 

To  increase  their  lethality  and  extend  their  range,  medium  caliber  gun  barrels  are 
required  to  fire  at  increasingly  higher  rates,  for  longer  sustained  bursts,  with  higher  impetus 
ammunition.  These  high  kinetic  energy  projectiles  generate  flame  temperatures  up  to 
3550K  with  a  corrosive  gas  that  can  decrease  the  useful  service  life  of  a  barrel  manufactured 
firom  conventional  gun  barrel  steels  to  less  than  100  rounds.  In  response  to  this  need,  the 
Advanced  Gun  Barrel  Initiative  is  being  conducted  by  the  National  Center  for  Excellence  in 
Metalworking  Technology  to  improve  the  performance  of  a  25mm  Bushmaster  barrel  while 
minimizing  life  cycle  costs  [1].  The  ammumtion  that  is  being  demonstrated  is  labeled 
616W,  which  is  comprised  of  high  impetus  propellant  from  the  more  familiar  M919  round 
and  the  standard  M791  projectile  and  plastic  obturating  band.  The  use  of  this  ammumtion 
will  provide  higher  lethality  and  increased  stand-off  distance  for  weapon  systems  such  as 
the  McDonnell  Douglas  M242  chain  gun  used  on  the  Bradley  Fighting  Vehicle. 

To  better  accommodate  the  616W  ammunition,  numerical  modeling  has  guided  a 
number  of  barrel  design  modifications  to  the  existing  M2 42  barrel  [2].  As  a  baseline. 


This  work  was  conducted  by  the  National  Center  for  Excellence  in  Metalworking  Technology,  operated  by 
Concurrent  Technologies  Corporation,  under  contract  to  ^e  U.S.  Navy  as  part  of  the  U.S.  Navy  ManTech  Program. 
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maximum  bore  temperature  plots  were  generated  using  a  150  round  burst  of  high  impetus 
ammunition  at  500  shots  per  minute  (SPM)  (Figure  1).  Temperature  dependent  material 
properties  were  used  for  the  standard  gun  barrel  steel  and  the  chromium  bore  plating.  The 
gun  barrel  steel  temperature  dependent  material  properties  were  determined  through  other 
NCEMT  projects  on  Atlas  of  Formability  and  Thermophysical  Properties,  which  address 
acquisition  of  mechanical  and  physical  properties  for  materials  used  by  the  U.S.  Navy. 

The  gun  barrel  steel  melts  at  approximately  1454‘’C.  The  model  predicts  that  this 
melting  temperature  is  exceeded  in  the  bore  for  the  first  700mm  as  measured  from  the 
breech  end.  Hence,  an  advanced  material  liner  is  needed  to  protect  the  steel  in  this  region 
as  shown  in  Figure  1.  Also  shown  are  predicted  curves  for  the  temperature  reached  on  the 
OD  surface  of  a  standard  barrel  and  a  modified  M242  barrel.  For  preservation  of  barrel 
integrity,  a  design  criterion  of  600°C  maximum  surface  temperature  is  employed.  Modeling 
predicts  that  this  temperature  will  be  exceeded  in  the  muzzle  region.  The  mass  of  the  barrel 
forward  of  the  barrel  support  assembly  was  increased  to  accommodate  the  increased  heat 
input  from  the  616W  ammunition  and  to  reduce  the  average  volumetric  temperature  of  the 
barrel.  A  constant  taper  was  maintained  over  the  remaining  length. 


Axial  Distance  From  Breech 


Figure  1 ;  Baseline  predictions  for  M242  modified  barrel.  Predicted 
maximum  temperature  plot  after  a  150  rormd  burst  of  high 
impetus  ammunition  at  500  SPM 


The  first  barrel  produced  and  tested  was  an  unlined  barrel  with  enough  added  mass 
to  keep  the  surface  temperature  in  the  muzzle  region  well  under  600°C.  This  added 
approximately  10mm  of  material  radially  from  the  standard  M242  un-finned  barrel  design. 
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This  barrel  is  labeled  the  M242  Modified  Unlined  (M242MU)  barrel  and  will  provide  a 
baseline  for  subsequent  lined  barrel  designs.  Other  barrels  to  be  manufactured  under  this 
program  include  a  niobium  alloy  partially  lined  barrel  with  the  same  muzzle  geometry, 
called  the  M242ML-F,  and  a  molybdenum  alloy  partially  lined  barrel  called  the 
M242ML-M.  All  barrels  have  gain-twist  rifling  that  initiates  after  the  breech  and  extends 
to  the  muzzle. 

The  ability  of  the  numerical  modeling  tools  to  accurately  simulate  the  temperature 
distribution  in  the  barrel  wall  is  critical  to  this  barrel  design  process.  A  systematic 
experimental  verification  program  was  devised  to  evaluate  the  ability  of  these  tools  to 
accurately  simulate  temperatures  in  a  lined  barrel  due  to  firing  of  high  impetus  ammunition. 
The  program  began  with  experimental  testing  of  an  unlined  barrel  of  modified  geomety 
using  conventional  M791  ammunition  and  will  progress  to  firing  of  lined  barrels  with  high 
impetus  616W  ammunition. 

A  consistent  set  of  thermocouple  locations  will  be  used  throughout  the  test  series 
to  facilitate  comparison  of  results.  Locations  were  selected  to  enable  measurement  of 
temperatures  near  the  bore  wall,  on  both  sides  of  the  liner  and  jacket  radial  interface,  and  at 
the  axial  joint  between  the  liner  and  jacket.  Presently  the  M242MU  barrel  has  been  tested 
with  both  M791  and  616W  ammunition  and  these  results  are  presented  here.  Experimental 
data  fi-om  the  first  series  of  unlined  barrel  tests  are  compared  with  predictions  fi-om  the 
numerical  modeling  tools.  This  series  of  tests  will  provide  the  groundwork  for  future 
testing  of  partially  lined  barrels  and  further  refinement  of  the  modeling  tools. 

Also,  because  the  barrel  experiences  large  temperature  gradients  near  the  bore 
surface,  the  thermocouples  must  be  precisely  located  to  enable  a  valid  comparison  with 
model  predictions.  X-ray  tomography  has  been  used  to  precisely  locate  the  thermocouple 
position.  Furthermore,  sub-models  have  been  developed  to  study  the  effect  that  the 
1 .0 1 6mm  diameter  holes,  drilled  to  accommodate  the  thermocouples,  have  on  the  results. 


APPROACH 
Numerical  Modeling 

The  modeling  tools  used  for  this  analysis  are  XKTC  [3],  a  ballistics  code,  which 
generates  single  shot  gas  temperature,  pressure,  and  film  coefficients  with  respect  to  time 
and  axial  position  of  the  gas  column,  and  FDHEAT  [4],  a  two-dimensional  finite  difference 
code  that  uses  the  XKTC  output  and  performs  the  heat  transfer  analysis  for  a  specific 
barrel  geometry.  The  temperature  time  history  results  from  FDHEAT  are  used  to  develop 
a  barrel  design  that  will  successfully  manage  the  heat  output  from  the  ammunition.  This 
model  based  design  approach  relies  heavily  on  the  accuracy  of  these  codes  to  predict  the 
steep  temperature  distributions  of  different  barrel  geometries  and  the  thermal  output  of 
different  ammunitions.  The  following  sections  describe  the  experimental  verification 
program  that  was  constructed  to  give  confidence  in  the  numerical  analysis. 
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Testing  Sequence 

The  first  series  of  firing  tests  with  the  modified  unlined  barrel  (Figure  2)  used 
conventional  M791  ammunition  and  then  the  experimental  616W  high  impetus  round. 
These  tests  were  used  to  refine  the  data  acquisition  system  and  develop  the 
instrumentation  needed  to  capture  the  mechanical  and  thermal  response  of  the  barrel  during 
this  highly  dynamic  event.  The  methodologies  developed  will  be  used  as  a  basis  for  future 
lined  barrel  testing. 


Figure  2:  Modified  unlined  barrel  (M242MU)  with  standard  breech 
geometry  for  direct  insertion  into  breech  assembly,  and 
enhanced  muzzle  geometry  to  increase  thermal  mass 

The  second  barrel  scheduled  for  manufacture  and  testing  uses  the  same  modified 
barrel  geometry  but  incorporates  a  650mm  long  partial  liner  in  the  breech  region  made  of 
the  niobium-base  alloy  FS-85  (Figure  3).  This  liner  should  offer  modest  thermal  protection 
in  the  breech  region  from  the  high  temperature  round.  Valuable  insight  will  be  gained  on  the 
design  approach  taken  to  accommodate  unavoidable  mechanical  discontinuities  introduced 
with  the  installation  of  a  partial  liner.  This  test  adds  some  complexity  to  the  data 
acquisition,  but  confidence  has  been  gained  from  the  successes  in  the  completed  test  firings. 
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Figures:  M242ML  modified  lined  barrel.  Standard  gun  barrel  steel 
jacket  with  FS-85  liner  and  plug  assembly 

Experience  gained  in  the  second  test  will  then  be  used  for  evaluation  of  a 
molybdenum  alloy  liner  in  a  third  test  barrel  and  data  will  be  compared  to  numerical 
predictions.  The  molybdenum-based  partial  liner  should  yield  the  greatest  thermal  and  wear 
protection.  This  barrel  will  be  designed  utilizing  the  validated  models  and  knowledge 
gained  from  the  previous  tests. 

Barrel  Instrumentation 


The  barrel  was  comprehensively  instrumented  to  capture  data  related  to  barrel 
vibration,  shock,  strain,  oscillation,  and  axial  and  radial  thermal  response.  Instrumentation 
included  20  thermocouples,  20  strain  gauges,  2  optical  sensors,  2  capacitive  sensors,  and  2 
accelerometers  [5].  High  speed  video  and  state-of-the-art  infrared  thermal  imaging  were 
also  used.  This  study  focuses  only  on  the  thermal  data  collected. 

Axial  Thermocouple  Locations 

In  order  to  provide  a  direct  comparison  between  lined  and  unlined  tests,  a 
consistent  set  of  thermocouple  locations  will  be  maintained.  As  shown  in  Figure  4, 
thermocouples  are  distributed  along  the  length  of  the  barrel  with  a  concentration  around  the 
liner  axial  joint  in  order  to  capture  any  detrimental  thermal  effects  from  this  discontinuity. 
In  addition,  more  thermocouples  were  placed  in  the  breech  end  because  of  the  greater  bore 
temperatures  in  that  region.  A  three-dimensional  thermocouple  hole  profile  is  displayed  in 
Figure  5. 
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Figure  4:  Axial  thermocouple  locations 


Figure  5:  Three  dimensional  thermocouple  hole  profile 


Radial  Thermocouple  Locations 

As  many  as  seven  thermocouples  at  various  radial  and  circumferential  locations  are 
placed  at  any  one  axial  position.  To  maintain  consistent  thermocouple  locations  between 
the  lined  and  unlined  tests,  thermocouples  were  placed  in  the  unlined  barrel  in  the  same 
radial  locations  as  desired  for  the  lined  barrels.  As  displayed  in  Figure  6,  using  an 
alphanumeric  code  with  radial  distances  as  measured  from  the  bore  wall:  thermocouple  A 
is  located  1.27mm  from  a  groove,  thermocouple  B  is  located  1.27mm  from  a  land, 
thermocouple  C  is  located  1.27mm  from  outer  liner  surface,  thermocouple  D  is  located  at 
the  radial  liner/jacket  interface,  and  thermocouple  E  is  located  on  the  outer  surface  of  the 
barrel. 
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Figure  6:  Radial  thermocouple  locations 

Thermocouples  A  and  B  were  designed  to  offer  a  direct  comparison  between  the 
temperatures  in  the  barrel  wall  directly  over  a  land  and  a  groove.  Thermocouples  C  and  D 
were  designed  to  captured  the  thermal  effects  caused  by  the  insertion  of  a  liner.  Surface 
temperature  data  provided  by  thermocouple  E  will  be  used  to  compare  with  the  mfrared 
data  collected,  and  will  verify  the  necessity  of  the  modified  barrel  geometry. 

X-ray  Tomography 

Owing  to  the  large  near  bore  temperature  gradient,  proper  application  of  the 
experimental  data  requires  accurate  knowledge  concerning  the  location  of  the  thermocouple 
holes  and  an  understanding  of  the  effect  of  the  holes  on  the  measured  temperatures.  X-ray 
Tomography  was  used  to  accurately  locate  the  thermocouples,  and  sub-models  were  used 
to  study  the  geometric  effect  of  the  holes. 

The  radial  location  of  the  thermocouple  relative  to  the  bore  was  calculated  from  the 
depth  of  the  drilled  hole.  This  assumes  that  the  bore  and  outer  machined  surface  are  in 
perfect  concentric  alignment.  Furthermore,  hole  locations  were  placed  over  lands  or 
grooves  by  locating  the  orthogonal  surface  position  using  ultrasonic  inspection.  Even  with 
these  precise  placement  methods,  no  compensation  can  be  made  for  any  “drift  experienced 
by  the  drill  bit.  Tomography  creates  a  cross-sectional  image  by  allowing  X-rays  to  pass 
through  the  barrel  and  into  a  receiver.  Image  dimensions  are  calculated  from  their  width, 
height,  and  pixel  size.  Eight  axial  positions  were  studied  with  one  to  three  thermocouple 
holes  at  each  location.  Figure  7  shows  a  typical  location  [6]. 
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Figure  7:  Tomography  image  at  axial  location  number  1 

The  critical  measurement  for  analysis  is  the  distance  from  the  bore  surface  (land  or 
groove)  to  the  bottom  of  the  thermocouple  hole.  An  error  of  one  millimeter  in  this  value 
could  create  as  much  as  a  150C°  temperature  difference.  The  tomograms  revealed  major 
discrepancies  in  a  few  locations  and  the  appropriate  compensations  were  made  to  enable 
comparison  with  the  predicted  results.  For  example,  thermocouple  1 A  was  specified  to  be 
L27mm  from  a  groove.  The  tomography  image  revealed  that  the  hole  was  drilled  to  about 
2.03mm  from  a  land.  The  tomograms  also  show  a  consistent  misalignment  of  the  holes 
relative  to  the  centerline  of  the  bore.  This  was  probably  caused  by  a  slight  bias  in  the 
machining  setup. 

The  thermocouple  locations  studied  with  the  tomography  images  suggest  that  the 
techniques  used  to  drill  the  holes  do  not  yield  desired  accuracy.  Although,  the  tomography 
was  useful  for  determining  gross  misalignment,  its  accuracy  in  locating  precise  hole  depths 
was  inadequate.  The  resolution  for  this  analysis  was  0.191mm/pixel;  therefore,  only  major 
discrepancies  were  measured. 

Sub-Modeling 

To  further  imderstand  what  additional  refinements  can  be  made  to  the  model,  sub¬ 
modeling  investigations  are  being  performed  by  studying  the  thermal  effects  of  geometric 
discontinuities.  These  include:  the  effects  of  the  land  and  groove,  the  varying  chrome 
thickness,  and  the  actual  thermocouple  hole  void  [7].  The  exact  degree  of  model  adjustment 
has  not  been  finalized,  but  valuable  insight  has  been  gained  as  to  the  magnitude  of  error 
introduced  by  these  discontinuities. 
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RESULTS 

The  data  from  the  completed  M242MU  testing  includes  a  75  round  burst  of  M791 
ammunition  at  a  nominal  200  SPM  (test  1),  and  a  50  round  burst  of  the  616W  hot  roxmd 
ammunition,  also  at  a  nominal  200  SPM  (test  2). 

Test  1 


Figure  8  displays  a  comparison  of  the  model  data  with  data  collected  for  test  1  at 
thermocouple  lA.  The  planned  location  for  this  thermocouple  was  174mm  axially  from 
the  breech  end  and  L27mm  radially  from  a  rifling  groove.  The  thick  line  is  comprised  of 
the  actual  thermocouple  data,  which  ends  abruptly  after  shot  71  because  of  a  data 
acquisition  problem.  Some  scatter  can  be  seen  in  the  experimental  data.  The  thin  line 
represents  the  model  predictions. 


Figure  8:  Predicted  versus  experimental  temperature  profiles  for 
thermocouple  lA  after  75  shots  of  M791 

The  tomography  study  showed  that  thermocouple  lA  was  actually  at  a  depth  of 
2.032mm.  Predicted  data  from  this  location,  displayed  in  Figure  9,  matches  very  well  with 
the  experimental  data.  This  illustrates  the  importance  of  accurately  knowing  the 
thermocouple  location. 
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Figure  9:  Modified  predicted  versus  experimental  temperature 
profiles  for  thermocouple  lA  after  75  shots  of  M791 


Data  fi-om  thermocouples  2 A  and  2B  were  also  collected  during  test  1.  Figures  10 
and  11  show  a  comparison  between  a  thermocouple  located  within  L27mm  of  a  groove 
(2A)  and  1.27mm  of  a  land  (2B).  The  data  compare  fairly  well  with  the  numerical 
predictions.  Based  on  the  sub-modeling  [7],  the  experimental  data  from  an  A  and  a  B 
thermocouple  located  at  the  same  axial  position  were  expected  to  be  different;  however,  not 
enough  test  data  were  collected  to  support  this  conclusion. 

“"T — I'  -I  . I  -i  ■  -■I— — n — I— 
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Figure  10:  Predicted  versus  experimental  temperature  profiles  for 
thermocouple  2 A  after  75  shots  of  M791 
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Figure  1 1 :  Predicted  versus  experimental  temperature  profiles  for 
thermocouple  2B  after  75  shots  of  M791 

Figure  12  shows  the  temperature  difference  between  shot  70  experimental  peak  and 
predicted  peak  for  all  near  bore  thermocouples  (A  and  B)  along  the  length  of  the  barrel. 
The  groove  thermocouples  are  represented  by  diamonds  and  the  land  thermocouples  are 
represented  by  squares.  The  numerical  FDHEAT  model  is  unable  to  handle  land  and  groove 
geometry  and  assumes  a  smooth  bore,  therefore,  the  prediction  curve  for  an  A  and  B 
tiiermocouple  would  be  the  same  imless  the  tomography  showed  a  misalignment.  Again, 
there  are  some  land  and  groove  differences  indicated  by  the  results,  but  more  data  are 
needed  before  any  definitive  conclusions  can  be  drawn. 

Experimental  Minus  Predicted  Bore  Temperatures 

Taken  from  Plot  Peaks  at  Shot  70 
Test  1,  M791,  203  SPM,  75  Shot  Burst 


Hd  13 


S-100 


D  AT  nom.  1 .27mm  from  Land 
*  AT  nom.  1 .27mm  from  Groove 


Thermocouple  Axial  Location  (mm) 


Figure  12:  Temperature  difference  between  near  bore  predicted  and 
experimental  data;  comparison  for  test  1 
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In  general,  the  results  indicate  that  the  model  predictions  in  the  breech  area  are  fairly 
close  to  the  experimental  results.  However,  there  is  a  trend  towards  increasing 
underprediction  towards  the  muzzle  end. 

Test  2,  50  shots  of  616W,  did  not  provide  close  correlation  between  predicted  and 
experimental  results.  The  model  consistently  under-predicts  the  actual  measured 
temperatures  and  no  land  versus  groove  conclusions  can  be  drawn.  The  slope  of  the  curves 
are  also  noticeably  different.  The  results  from  thermocouple  lA  are  shown  in  Figure  13. 
Comparing  Figure  13  to  Figure  9  shows  the  significant  increase  in  heat  input  resulting  from 
the  “hot  roimd”  ammunition. 


Figure  13:  Predicted  versus  experimental  temperature  profile  for 
thermocouple  lA  after  50  shots  of  616W 

Another  direct  comparison  between  the  M791  and  61 6W  ammunition  is  given  by 
Figures  14  and  15.  Thermocouple  6B  is  located  axially  947mm  from  the  breech  and 
1.27mm  radially  from  the  bore.  The  model  under-predicts  in  both  cases,  but  the  error  is 
more  severe  in  test  2.  The  increased  thermal  input  from  the  61 6W  is  also  as  significant  at 
this  mid-barrel  location  as  it  was  for  the  breech  location  displayed  in  Figures  13  and  9.  The 
thermocouple  reads  a  temperature  that  is  almost  100C°  higher  than  the  M791  after  50 
shots  of  616W  as  compared  to  the  M791. 
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Figure  14:  Predicted  versus  experimental  temperature  profile  for 
thermocouple  6B  after  75  shots  of  M791 


Time  (Seconds) 

Figure  15:  Predicted  versus  experimental  temperature  profile  for 
thermocouple  6B  after  50  shots  of  616W 


Figure  16  shows  the  difference  between  the  experimental  peak  and  predicted  peak 
of  near  bore  thermocouples  at  shot  50.  Comparing  this  plot  to  Figure  12  for  results  with 
M791  ammunition  shows  the  significant  increase  in  deviations  from  model  predictions 
shown  by  experimental  data  obtained  with  616W  ammunition. 
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Experimental  Minus  Predicted  Bore  Temperatures 

Taken  from  Plot  Peaks  at  Shot  50 
(Test  2,  61 6W,  203  SPM,  50  Shot  Burst) 
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Figure  16:  Temperature  difference  between  near  bore  predicted  and 
experimental  data:  comparison  for  test  2 


CONCLUSIONS 

Two  numerical  codes  are  used  to  predict  gun  barrel  response  during  firing.  The  data 
from  the  M791  tests  compare  fairly  well  with  the  predictions,  and  this  provides  good 
verification  for  both  codes.  However,  this  was  not  the  case  with  the  616W  hot  ammunition 
tests.  In  this  case  the  codes  under-predicted  the  barrel  temperatures  by  a  significant 
amount.  This  mismatch  could  be  attributed  to  the  inability  of  one  or  both  codes  to  handle 
the  hot  ammunition.  In  the  case  of  XKTC,  the  code  may  not  accurately  predict  the  gas 
temperature  or  film  coefficients.  In  the  case  of  FDHEAT,  the  built-in  time  steps 
associated  with  the  heat  transfer  calculation  may  not  be  fine  enough  to  handle  the  rapid 
temperature  excursions  associated  with  the  hot  ammumtion.  In  either  case,  additional 
study  is  required  to  reach  a  firm  conclusion  concerning  the  use  of  the  codes  with  high 
impetus  ammunition. 

The  next  phase  of  work  will  compare  the  numerical  results  to  experimental  results 
for  partially  lined  barrels.  The  implementation  of  a  partial  liner  will  compound  the 
modeling  challenges,  but  the  groundwork  set  from  the  present  evaluation  will  enhance  the 
numerical  modeling  capabilities.  To  provide  more  accurate  predictions  from  the  model,  this 
experimental  data  will  be  used  to  determine  correction  factors  for  the  high  impetus  ballistics 
input  data.  Using  the  experimentally  corrected  model  will  allow  extrapolation  for  designing 
barrels  that  can  withstand  high  impetus  propellant  at  high  firing  rates  for  an  acceptable  life. 
The  project  calls  for  bursts  of  150  rounds  at  500  SPM. 


10-15 


MILLER  BEARDEN 


The  completed  tests  have  produced  excellent  data  from  which  much  can  be  learned. 
After  the  series  of  lined  barrel  tests,  a  clearer  picture  of  the  predictive  capabilities  of  these 
codes  and  their  proper  application  as  a  design  tool  will  be  achieved. 
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ABSTRACT; 


When  a  modem,  high-pressure  tank  cannon  is  fired,  a  complex  series  of  chemical, 
mechanical,  and  gas  dynamic  interactions  occur.  As  a  result  of  these  coupled  eyente,  a 
projectile  is  launched  toward  the  intended  target  with  a  high  initial  velocity.  The  intricate 
dynamic  interactions  that  transpire  between  the  recoiling  gun  system  and  projectile  are  not  yet 
fuUy  understood.  However,  it  is  known  that  these  interactions  are  fundamental  in  controlling 
the  projectile  point  of  impact  It  is  also  known  that  one  of  the  major  contributors  to  projectile 
accuracy  and  dispersion  is  the  dynamics  of  the  gun^rojectile  system  during  the  firing  cycle. 
As  the  bullet  negotiates  the  gun  tube,  which  is  not  perfectly  straight,  huge  forces  can  be 
generated  and  transmitted  between  the  two  components.  Motions  occur  as  a  result  of  these 
forces,  driven  by  the  gas  pressure  developed  by  the  burning  of  gun  propellant.  Due  to 
clearances  in  the  recoiling  parts  of  the  gun  coupled  with  an  unbalanced  breech,  the  gun 
movement  is  known  to  vary  from  shot  to  shot  and  occasion  to  occasion,  thereby  leading  to 
perturbations  in  the  projectile  launch  conditions.  These  disturbances  can  then  induce 
deviations  in  the  flight  path,  resulting  in  a  loss  of  accuracy  and  an  increase  in  dispersion. 

In  an  attempt  to  improve  the  overall  performance  of  the  M256  gun  system,  the  Benet 
Weapons  Laboratory  redesigned  several  of  the  key  recoil  components  along  with  a  method 
to  balance  the  gun  breech.  The  intent  of  the  modified  recoU  parts  was  to  constrain  the  breech 
motion  in  the  vertical  plane,  while  the  bullet  was  in-bore.  Since  the  breech  motion  couples 
directly  into  the  dynamic  shape  of  the  gun  tube,  it  was  postulated  diat  a  reduaion  in  the 
magnitude  of  the  breech  motion  would  also  decrease  the  dynamic  tube  shape,  thereby 
providing  a  straighter,  lower  disturbance  tube  for  the  projectile  to  negotiate. 

A  series  of  preliminary  experiments  were  conducted  from  an  M256  motmted  in  a 
hardstand.  These  experiments  had  two  purposes:  (1)  to  ensure  the  structural  integrity  of  the 
modified  hardware  and  (2)  to  examine  how  the  system  was  being  affected  by  the  addition  of 
these  devices.  What  was  observed  during  these  tests  was  that  a  substantial  reduction  in  the 
vertical  breech  movement  could  be  obtained  only  when  the  modifications  were  adjusted 
correctly.  This  result  was  somewhat  unexpected,  as  it  was  discovered  that  a  minor  adjustment 
in  the  alignment  blocks  could  produce  a  sigmficant  impact  on  the  breech  motion.  This  paper 
will  discuss  what  was  learned  and  what  future  work  remains  to  understand  and  utilize  the 
benefits  of  the  modifications  in  order  to  minimize  the  influence  of  gun  dynamics  on  the  M256 
gun  system. 
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OVERVIEW 

The  current  M256  system  has  an  asymmetrical  breechblock  causing  the  center  of  gravity  of  the 
recoiling  mass  to  be  different  ftom  the  centerline  of  the  gun  tube.  Upon  firing,  tire  pressure  from  the 
burning  propellant,  on  the  breech  face,  results  in  an  offset  between  the  center  of  gravity  and  the  center 
of  pressure.  Consequently,  the  force  couple  imparts  motion  into  the  system.  It  was  thought  that  by 
balancing  the  breech  this  source  of  motion  could  be  eliminated,  thereby  reducing  the  gross  movement  of 
the  gun  tube  in  the  vertical  plane.  In  order  to  confirm  this  premise,  the  U.S.  Army  Research  Laboratory 
(ARL)  conducted  a  series  of  experiments  in  which  the  breechblock  of  the  M256  tank  cannon  system  was 
balanced  relative  to  the  bore  centerline  [1].  The  goal  of  these  experiments  was  to  greatly  reduce  breech 
and  tube  motion  in  the  vertical  plane.  What  actually  occurred  was  unexpected.  Nonnally,  when  the  gun 
is  fired,  the  breechblock  begins  to  fall  as  the  gun  recoils.  Therefore,  it  was  expected  that  the  elimination 
of  the  powder  pressure  couple  would  result  in  the  breech  recoiling  with  minimal  motion  in  either  plane. 
However,  with  the  breechblock  balanced,  the  breech  dropped  for  ^proxiniately  the  first  3  ms,  then  rose 
for  the  following  3  ms.  This  was  unexpected  based  not  oidy  upon  an  intuitive  sense,  but  also  the  fact  that 
the  gun  dynamics  codes,  which  were  employed  to  simulate  the  balancing  experiment,  failed  to  predict  this 
movement. 

Following  the  firing  tests,  a  series  of  finite  element  simulations  were  made,  using  the  DYNA3D 
program,  in  hopes  of  understanding  what  might  have  caused  this  unexpected  movement  in  the  system  [2]. 
These  calculations  also  indicated  that  the  balanced  system  would  be  an  improvement  (i.e.,  all  but  eliminate 
breech  vertical  motion  during  recoil).  However,  the  first  set  of  calculations  assumed  that  there  were  no 
clearances  between  the  recoiling  parts.  These  assumptions,  judged  to  be  valid  at  the  time,  were  made  to 
simplify  the  modeling  process  and  reduce  the  computational  burden.  Nevertheless,  a  more  detailed 
examination  of  the  gun/recoil  components  was  conducted  and  clearance  measurements  were  obtained  from 
numerous  gun  systems  at  various  stages  during  their  life  cycle.  When  representative  clearances  were 
added  to  the  DYNA3D  model,  the  results  changed  significantly.  By  orienting  the  clearances  betw^n 
specific  parts,  as  they  would  be  dictated  by  gravity,  the  model  was  able  to  predict  the  unexpected  behavior 
of  the  balanced  system  [3].  An  interesting  note  is  that  in  the  process  of  working  this  problem,  a  possible 
improvement  to  the  system  was  also  realized. 

Exercising  the  model  with  various  amounts  of  clearance  revealed  that  the  dynamic  response  was 
indeed  linked  to  these  clearances.  It  became  apparent  that  a  method  to  constrict  the  motion  of  the 
recoiling  parts  would  prove  beneficial.  Of  course,  adjusting  the  clearances  in  the  model  is  trivial 
compared  to  designing  a  hardware  modification  that  would  achieve  the  same  effect.  To  design  such  a 
system,  ARL  teamed  with  Benet  Weapons  Laboratories,  an  organization  that  possesses  expertise  in  gun 
and  recoil  design.  Benet  then  modified  the  existing  breech  and  recoil  mechanism  to  help  guide  the  breech 
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during  its  first  1.5  in  of  recoil,  in  an  attempt  to  mimic  the  case  where  no  clearances  existed.  Furthermore, 
a  robust  design  for  the  breech  balancing  weights  was  conceived.  The  original  ARL  design  resulted  in 
minor  cracks,  which  were  initiated  from  additional  holes  on  the  breechblock  where  the  weights  were 
attached.  The  photographs  in  Figure  1  show  the  original,  as  weD  as  the  improved,  breech  alignment 
blocks.  Figure  2  depicts  the  balancing  weights  for  the  breechblock.  This  design  eliminates  the  need  to 
drill  into  the  cunent  breechblock,  it  simply  uses  existing  holes.  The  second  design  feature  is  intended  to 
constrain  the  breech  movement  in  the  vertical  plane  during  the  first  1.5-in  recoil.  In  effect,  this  was 
simply  an  extaision  of  the  existing  alignment  block  and  recoil  bracket,  which  are  located  below  the  right 
and  left  sides  of  the  breech.  An  important  feature  of  this  design  is  its  simplicity  and  relative  low  cost. 
It  is  believed  that  different  levels  of  improvement  may  be  possible  using  these  devices  alone  or  in 
combination  with  one  another.  For  example,  it  may  be  possible  to  use  the  wedges  alone  to  achieve  a 
certain  portion  of  the  overall  improvement  to  the  system  and  vice  versa. 


EXPERIMENTAL  FIRINGS 


The  experimental  firing  portion  of  this  project  took  place  at  the  ARL  Transonic  Range  Facility  from 
an  M256  tube  SN6823,  with  breech  SN29,  mounted  in  a  concentric  recoil  SN1230468.  This  gun  system 
was  then  attached  to  a  nonrecoiling  artillery  sleigh.  The  hardstand  setup  allowed  easy  access  to  the  recoil 
system,  for  adjustment  and  measurement  purposes.  Experimental  instrumentation  included  two  rings  of 
four  each  proximity  probes,  shown  in  Figure  3,  which  were  located  13.6  and  19.6  in  behind  the  muzzle, 
respectively.  These  noncontact  devices  provide  voltage-vs.-time  data  that  can  then  be  manipulated  to 
extract  the  gun  tube  motion  and  muzzle  pointing  angle  while  the  projectile  is  in-bore.  This  technique  for 
obtaining  gun  dynamics  is  detailed  in  Bomstein  et  al.  [4].  Two  additional  proximity  probes  were  located 
on  the  gunner  quadrant  seats  of  the  breech  and  one  on  the  right  cradle  tab,  shown  in  Figure  4.  These 
devices  were  situated  to  observe  motion  in  the  vertical  plane  only,  whereas  the  muzzle  probes  encircled 
the  tube,  providing  data  in  both  horizontal  and  vertical  planes.  A  cloth  target  was  then  erected  953  m 
downrange  to  record  target  impacts. 


After  installation  of  all  modified  hardware,  a  single  DM- 13  APFSDS-T  was  fired  to  validate  the 
structural  integrity  of  the  system  and  to  identify  any  difficulties  that  might  occur  during  installation  in  an 
MlAl  tank.  Afterwards  the  parts  were  examined  for  integrity  and  appeared  intact.  Following  this,  four 
additional  DM- 13  data  rounds  were  fired  with  the  gun  system  in  various  configurations.  The  first  two  data 
rounds  were  fired  with  the  gun  in  an  unmodified  condition.  The  final  two  rounds  were  fired  with  both 
the  breech  weights  and  modified  alignment  blocks  attached.  This  would  allow  a  direct  comparison 
between  the  unmodified  system  (baseline)  and  the  modified  system.  Raw  data  fiom  one  of  the  first  two 
baseline  rounds  include  the  breech  vertical  displacement  (Figure  5),  the  cradle  movement  (Figure  6),  and 
the  muzzle  probes  oriented  in  the  vertical  direction  (Figure  7). 


RESULTS 

Past  gun  dynamics  testing  of  the  M256  system  has  revealed  that  the  breech  exhibits  a  consistent 
behavior  in  that  it  always  drops  while  the  bullet  travels  down  the  gun  tube  (6  to  9  ms).  This  occurs 
regardless  of  ammunition  type,  ammunition  temperature,  or  whether  the  gun  is  mounted  in  a  hardstand 
or  tank  [  1  ].  Figure  5  shows  the  measured  motion  from  the  forward  breech  gage  during  the  first  data  round 
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Figure  Ic.  Right  side  alignment,  kick  block. 
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Figure  4b.  Breech  gages,  modified  system. 
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Figure  4c 
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Breech  Displacement  Front  Gauge 
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Figures.  Breech  vertif^al  movement  (unmodified  system). 
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Figure  6.  Cradle  movement  (unmodified  system)  (first  shotl. 
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^q-4  Pointing  Angle 


Figure  7.  Muzzle  displacements. 


11  -15 


WILKERSON,  LYON,  RUSCH,  AND  SIMARD 

(no  modifications).  This  plot  shows  a  response  very  similar  to  previous  test  data  with  the  characteristic 
drop  [1]  The  rear  breech  eddy  probe  also  recorded  an  almost  identical  motion.  Furthermore,  when  the 
second  baseline  data  round  was  fired,  the  results  at  both  breech  gage  locations  were  again  identical  to 
Figure  5.  Prior  to  the  current  testing,  it  was  unknown  what  vertical  motion,  if  any,  the  cradle  experienced 
during  the  in-bore  cycle.  For  this  test,  an  eddy  probe  was  located  on  a  mounting  lug  of  the  cradle  so  that 
the  cradle’s  movement  could  be  recorded.  The  displacement-vs.-time  plots  indicated  that  during  the  firet 
shot  the  cradle  dropped,  as  did  the  breech,  but  to  a  somewhat  lesser  degrw,  see  Figure  6.  However,  die 
second  and  all  subsequent  data  rounds  showed  that  the  cradle  dropped  initially,  then  rose  later  in  the  m- 
bore  cycle,  see  Figure  8.  Two  possible  explanations  were  derived  from  these  observations.  The  first  is 
that  the  motion  observed  at  die  breech  is  independent  of  what  occurred  at  the  cradle.  Tire  serond 
conclusion  was  that  the  motion  in  the  breech  could  not  be  explained  as  a  simple  rigid  body  rotation  about 
the  trunnions. 

The  third  and  fourth  data  rounds,  with  breech  weights  and  modified  alignment  blocks,  resulted  in 
significandy  different  movements  of  the  system.  The  breech  displacement  recorded  at  the  forward  gage 
is  shown  in  Figure  9,  while  the  trace  from  the  rear  gage  is  shown  in  Figure  10.  Two  aspect  of  these  plots 
are  noteworthy.  The  first  is  that  the  overall  movement  of  the  system  has  been  dr^tically  reduced, 
compared  to  the  baseline;  the  second  is  that  there  appears  to  be  a  high-frequency  ringing  superimposed 
upon  the  measurement.  Both  gages  on  the  breechblock  recorded  the  same  motion  along  with  the  same 
ringing  phenomenon.  It  is  believed  that  the  high-frequency  vibration  is  a  local  phenomenon  and  can  be 
attributed  to  either  the  setup  of  the  measurement  devices  or  the  breech  balancing  blocks  themselves. 
Regardless,  the  modifications  appear  to  have  reduced  the  gross  movement  of  the  breechblock  in  the 
vertical  plane  and  hence  reduce  ttie  movement  of  the  gun  tube.  The  cradle  gage  recorded  a  motion  very 
similar  to  that  observed  in  the  second  baseline  data  round.  For  the  fourth  and  final  data  rouiid,  a  slight 
modification  was  made  to  one  alignment  block.  This  consisted  of  adding  a  shim  (0.002  in  thick)  to  the 
alignment  block  on  the  gunner’s  left  side  of  the  breech,  reducing  the  clearance  between  the  block  and  the 
breech.  This  modification  produced  breech  displacements  that  were  similar  to  the  third  round,  only  of  a 
slightly  higher  magnitude.  The  conclusion  from  these  experiments  was  that  the  gun/recoil  system  is 
sensitive  to  a  subtle  adjustment  in  the  alignment  blocks. 

Another  parameter  that  was  measured  was  the  displacement  of  the  muzzle.  By  recording  the 
displacements  at  two  locations  in  close  proximity,  it  is  possible  to  estimate  the  muzzle  pointing  angle  of 
the  gun  tube  during  the  in-bore  cycle.  The  muzzle  pointing  angle,  at  shot  exit,  provides  a  relative  measure 
of  the  launch  disturbance  imparted  to  the  projectile.  By  comparing  the  pointing  angles  at  shot  exit,  the 
dynamic  state  of  the  projectile  can  be  deduced,  with  a  reduction  in  the  pointing  an^e  considered 
favorable  The  muzzle  pointing  angle  from  the  first  baseline  data  round  was  6.4E-04  radians,  while  the 
second  baseline  round  resulted  in  l.lE-03  radians.  The  sign  convention  is  such  that  a  positive  value 
indicates  the  muzzle  pointing  upwards.  The  third  and  fourth  data  rounds,  with  modifications,  jdelded 
4.0E-()4  and  1.4  E-04  radians,  respectively.  It  is  interesting  to  note  that  the  fourth  data  roimd,  with  the 
increased  shimming,  resulted  in  a  larger  breech  displacement,  but  a  lower  muzzle  pointing  angle. 
Comparing  the  smallest  pointing  angle  (data  round  four,  modified)  to  the  largest  pointing  angle  (data 


*  For  situations  involving  the  dynamics  of  gun  tubes  it  is  believed  that  lower  frequencies  are  the  most  detrimenul  in  terms  of 
system  accuracy.  This  belief  stems  from  the  fact  that  lower  frequencies  tend  to  produce  large  amplitude  motion  and  higher 
frequencies  tend  to  produce  small  amplitude  motion. 
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Cradle  Displacement 
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Figure  8.  Cradle  displacement  (unmodified  system)  (second  shot). 
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.q-3  Breech  Displacement  Front  Gauge 


Figure  10.  Breech  movement  (modified  system)  (second  shot  +.002  shimming^. 
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round  two.  baseUne)  yields  a  reduction  in  the  muzzle  pointing  angle  by  87%.  Even  comparing  data  romd 
three  (modified)  to  data  round  one  (unmodified)  results  in  a  reduction  in  pointing  angle  by  almost  38%. 


CONCLUSIONS 

The  most  interesting  result  of  these  experimental  firings  can  best  be  summarized  in  Figure  1 L  TTus 
figure  shows  a  direct  comparison  of  the  vertical  breech  displacement  of  ^  M256  gun  system  for  the 
baseline  case  and  that  of  the  same  gun  with  a  balanced  breech  and  modified  alignment  blocla.  vmat  is 
apparent  is  that  these  alterations  drastically  reduce  the  movement  of  the  breechblock  while  the  projecu  e 
is  in-bore.  This  is  significant  because  it  has  been  shown  that  the  breech  of  the  baseline  system 
consistently  drops  in  a  repeatable  manner,  regardless  of  ammunition  type  [1].  Hence,  these  a^ustments 
not  only  modify  the  dynamic  behavior  of  the  M256  breech,  but  also  reduce  die  ma^tude  of  mouon 
inherent  in  the  gun  tube  itself.  Furthermore,  it  was  shown  that  the  dynamic  motion  of  the  M256  gun 
system,  during  the  in-bore  cycle,  can  be  influenced  in  a  positive  manner  and  that  gross  gim  motion  can 
be  reduced  through  relatively  minor  alterations.  Moreover,  these  modifications  were  designed  with 
simplicity  in  mind,  allowing  a  possible  fleet  retrofit  with  minimal  expense  or  complexity. 
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ABSTRACT: 

A  means  to  improve  the  stability  of  fin  stabilized  projectiles  is  presented.  By  allotving  the 
nose  of  the  projectile  to  move  relative  to  the  projectile,  it  is  possible  to  have  it  weathervane  into 
the  airstream  thereby  reducing  the  angle  of  attack  and  lift  on  the  nose.  This  in  turn  improves  the 
static  stability  of  the  round  since  nose  lift  results  in  a  positive  or  destabilizing  overturning 
moment 
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INTRODUCTION 


Projectile  launch  always  provides  a  lateral  disturbance  to  the  round  that  results  in  both 
linear  and  angular  motion.  Within  the  gun,  yaw  levels  are  quite  low  (<0.1  deg)  but  the  angular 
rates  can  be  relatively  high  (>  5  rad/s).  For  fm  stabilized  projectiles,  the  angular  rate  can  be 
further  enhanced  by  separation  both  from  the  gun  and  from  its  sabot.  Yaw  rates  at  entry  into  free 
flight  on  the  order  of  10  rad/s  are  not  uncommon.  As  the  round  moves  downrange,  the  yaw  cycle 
is  characterized  by  successive  maxima  and  minima.  Evenmally,  the  yaw  damps  and  assumes  a  low 
level,  circular  limit  cycle  motion.  For  tank  fired  kinetic  energy  projectiles,  maximum  yaw  c^  be  5 
deg  near  the  gun  damping  to  1.5  deg  by  1  km.  Unfortunately,  yaw  in  excess  of  one  degree  in  a 
high  L/D  rod  degrades  penetration  due  to  interference  between  the  penetrator  body  and  the  sides 
of  the  penetration  channel.  It  is  not  unusual  that  a  kinetic  energy  projectile  has  regions  near  the 
weapon  where  its  effectiveness  is  significantly  below  specifications.  In  addition,  there  is  lateral 
deviation  of  the  shot  line,  termed  aerodynamic  jump,  associated  with  yawing  motion.  If  the 
launch  angular  rate  varies  in  magnitude  and  direction,  the  resulting  variation  aerodynamic  jump 
will  increase  round-to-round  dispersion  (i.e.,  decrease  accuracy). 


To  reduce  the  influence  of  the  launch  angular  disturbance,  two  approaches  are  plausible: 
reducing  launch  disturbance  or  increasing  stability.  Both  are  reflected  in  the  following  expression 
for  first  maximum  of  yaw: 


L=[- 


21. 


-1 


CoV^DA 


1/2 

dt 


Programs  to  improve  system  accuracy  generally  address  the  reduction  in  launch  disturbance  and 
through  that  decrease  the  initial  angular  rate.  In  addition,  the  aerodynamicist  can  influence  the 
moment  coefficient  through  a  number  of  factors  including  nose  geometry,  fin  planform,  fin 
placement,  and  number  of  fins;  however,  traditional  design  approaches  to  increase  stability  will 
generally  increase  aerodynamic  drag.  The  present  paper  describes  an  alternate  approach  to 
dynamically  modify  the  projectile  geometry  in  flight  thereby  increasing  stability  without  major 
changes  in  drag. 
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rONCEPT 


The  moment  coefficient  is  defined  by  two  major  sources  of  lifting  force;  the  projectile  nose 
and  the  projectile  fins.  The  nose  lift  is  destabilizing  while  the  fins  are  the  major  stabiUzmg 
surfaces.  If  the  nose  lift  can  be  reduced  or  eUminated,  the  projectile  stability  will  be  mcreased. 

One  way  to  reduce  nose  lift  is  to  make  the  nose  more  blunt.  This  dramatically  increases  drag.  A 
possible  alternative  is  to  gimbal  the  projectile  nose  in  a  fashion  that  allows  it  to  “weathervane 
into  the  airstream,  Fig  1.  By  placing  the  center  of  pressure  of  the  nose  aft  of  the  pivot  beanng, 
the  aerodynamic  moment  acts  to  continually  aUgn  the  nose  with  the  flow  velocity  vector.  Thus, 
the  nose  attitude  is  maintained  at  zero  angle  of  attack  and  the  nose  lift  is  eliminated. 


Such  configurations  have  been  considered  in  the  past  Dr.  Robert  Goddard  [1]  used  a 
gimballed  nose  connected  to  a  set  of  actuators  as  a  means  of  steering  a  missile.  Kranz  [2]  has  a 
patent  which  describes  a  pintal  mounted  free  nose  conceptually  like  that  of  Fig.  1;  however,  no 
analytic  or  test  results  are  presented.  The  present  concept  [3]  is  somewhat  different  than  that  of 
Kranz  in  that  the  nose  is  gimballed  in  a  fashion  that  provides  positive  reinforcement  against  the 
longitudinal  decompression  characteristic  of  projectile  release  from  guns.  It  is  possible  to 
estimate  the  effect  of  perfect  weathervaning  upon  the  moment  coefficient  In  these 
considerations,  a  120mm,  DM13  projectile  is  used  as  a  baseline.  The  measured  moment 
coefficient  has  been  measured  in  the  ARL  Transonic  Range  and  for  this  simple  analysis  is  assumed 
to  be  the  sum  of  two  components,  nose  and  tail  lift: 


according  to  slender  body  theory,  the  nose  normal  force  is 


C,  =2.0 


which  acts  at  the  center  of  pressure  of  the  projectile  nose  a  distance  of  roughly  5.4  cabers  (one 
caliber  being  the  projectile  reference  diameter  of  37 .3mm);  thus,  the  moment  coefficient  with  zero 
nose  lift  is  estimated  to  be 


C*.  =-16.5 -AC,  =-27.4 


This  represents  a  significant  enhancement  (66%)  of  the  moment  coefficient.  Since  the  first 
maximum  yaw  varies  inversely  with  the  square  root  of  the  moment  coefficient  it  would  be 
expected  that  for  identical  launch  angular  rates,  the  first  maximum  yaw  with  the  gimbaUed  nose 
would  be  roughly  25%  lower  than  for  the  rigid  body  projectile.  There  is  a  tradeoff  with  this  direct 
decrease  in  yaw.  Yaw  damping  also  depends  upon  the  lift  components  of  the  nose  and  tail  and  if 
the  nose  lift  is  eliminated,  yaw  damping  is  decreased. 

The  aerodynamic  jump  is  expressed  as 


0= 


I. 

mDV  Cfg  dt 


Using  the  logic  as  above,  the  lift  coefficient  for  the  standard  DM13  is 


^L~^L 


+C,  =7.7 


and  for  the  case  of  the  gimbaUed  nose 


C,  =1.1 -C,  =5.7 


The  aerodynamic  jump  varies  directly  with  lift  coefficient  and  inversely  with  moment  coefficient, 
therefore  the  gimbaUed  nose  wUl  show  a  dramatic  improvement  in  jump  because  both  of  these 
coefficients  change  in  a  sense  that  reduces  the  jump.  In  fact  for  equal  angular  rates,  the  gimbaUed 
nose  should  show  55%  less  aerodynamic  jump  than  the  rigid  projectile.  A  series  of  experiments 
were  performed  to  explore  the  ability  of  actual  hardware  to  reproduce  some  of  these  predictions. 


EXPERIMENT 


A  120ram,  DM13  kinetic  energy  projectile  was  modified  with  a  gimballed  nose  as  depicted 
in  Fig.  1.  Since  the  gimbal  is  supported  on  a  stanchion  which  will  interfere  with  the  free  rotation 
of  the  cone,  the  fna'’^iTinmTi  yaw  angle  of  the  nose  is  limited  to  10  deg  which  is  less  than  the 
maximum  yaw  expected.  Six  of  these  rounds  were  fired  through  the  ARL  Transonic  Range.  All 
of  the  projectiles  survived  launch  with  the  gimballed  noses  intact;  however,  some  separation  was 
observed  between  the  base  of  the  cone  and  the  forward  shoulder  of  the  projectile.  This  separation 
may  effect  the  aerodynamics  of  the  round,  particularly  the  drag.  The  gimballed  nose  did  function 
as  intended.  This  is  illustrated  by  the  spark  shadowgraph  in  Fig.  2.  The  projectile  body  clearly 
has  appreciable  yaw  while  the  nose  is  weathervaned  into  the  flow.  The  spark  shadowgraph  was 
taken  just  as  the  round  entered  the  range  where  the  yaw  was  relatively  high.  Further  downrange, 
a  typical  spark  station  photograph.  Fig.  3,  shows  the  nose  still  intact. 


Figure  2.  Spark  Shadowgraph  or 


Gimbal  Nosed  Projectile  at  entry  to  Transonic  Range 
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Figure  3.  Spark  Shadowgraph  of  Gimballed  Nose  Projectile  at  Typical  Range  Station 


A  comparison  between  the  measured  values  of  DM13  aerodynamic  coefficients  with  and 
without  the  gimballed  nose  is  presented  in  the  table  below: 


The  two  drag  terms  represent  the  zero  yaw  drag  and  drag  associated  with  yaw.  As  can  be  seen, 
the  zero  yaw  drag  for  the  two  cases  is  comparable.  The  gimballed  nose  projectile  has  roughly 
13%  greater  drag  at  zero  angle  of  attack  than  does  the  standard  DM13.  This  may  reflect  the 
influence  of  the  nose  separation  following  launch.  The  drag  associated  with  yaw  is  signific^fly 
higher  for  the  gimballed  case.  This  is  probably  due  to  the  formation  of  strong  shocks  off  of  the 
projectile  shoulder  as  it  is  uncovered  in  the  yawed  state,  Fig  2.  As  the  round  moves  downrange, 
the  yaw  damps  and  this  effect  becomes  less  important  The  lift  and  moment  coefficients  show  the 
same  trend  as  predicted  by  the  simple  estimates  in  the  previous  section.  The  magnitude  of  the 
difference  between  standard  and  gimballed  nose  is  less  than  predicted.  This  may  be  associated 
with  first,  the  crudeness  of  the  estimate  technique,  and  second,  the  effects  of  nose  standoff 
following  launch.  Even  with  these  values,  it  would  be  expected  that  for  the  same  launch  yaw  rate 
the  gimballed  nose  would  show  10%  less  maximum  yaw  and  28%  less  aerodynamic  jump  than  the 

standard  round. 

As  envisioned  by  Goddard  [1]  the  gimballed  nose  could  be  used  in  conjunction  with  a  set 


of  actuators  to  provide  control  authority.  Another  application  would  employ  sensors  to  measure 
the  angle  between  the  projectile  body  and  the  free  nose.  This  could  be  used  as  input  to  a  flight 
control  system  which  could  act  to  counter  yaw  or  to  provide  for  a  desired  trim  angle  to  the 
projectile.  The  latter  being  essentially  to  lifting  flight  needed  in  range  extension  techniques. 

CONCLUSIONS 

A  technique  is  examined  to  reduce  the  nose  lift  on  statically  stabilized  projectiles.  It  is 
shown  that  the  possible  advantages  of  the  technique  in  terms  of  reducing  first  maximum  yaw  and 
aerodynamic  jump  are  substantial.  A  series  of  experiments  were  conducted  to  demonstrate  the 
concept  The  results  fell  short  of  simplistic  estimates,  but  did  provide  worthwhile  improvement  in 
flight  characteristics.  It  is  necessary  to  further  improve  on  the  initial  design  to  reduce  the 
separation  between  the  nose  and  the  projectile  associated  with  decompression  upon  release  from 
the  gun.  The  benefit  of  a  fully  functional  design  would  then  have  to  be  weighed  against  the 
addition  complexity  and  cost  to  the  finished  projectile. 
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INTRODUCTION 

The  method  mostly  used  for  measuring  the  projectile  movement  in  a  gun  tube  during  firing 
is  the  interior  ballistics  microwave  interferometry.  The  output  of  the  interferometer  is  a  sinusoidal 
voltage  with  a  frequency  that  is  proportional  to  the  velocity  of  the  projectile.  By  evaluating  this 
signal  the  displacement  of  the  projectile  as  a  function  of  time  can  be  received.  From  this  curve  the 
velocity  and  the  acceleration  of  the  projectile  may  be  deduced  by  applying  the  first  and  the  second 
derivative. 

Usually  the  coupling  of  the  microwave  energy  into  the  gun  barrel  is  accomplished  by  means 
of  simple  antennas  or  passive  reflectors,  further  denoted  as  RF  couplers,  which  are  destroyed 
when  the  projectile  is  fired.  The  production  of  the  RF  couplers  as  well  as  their  positioning  and 
adjustment  is  elaborate  and  expensive.  In  tests  where  the  flight  behavior  of  the  projectile  has  to  be 
investigated,  the  interaction  with  the  RF  couplers  may  lead  to  severe  disturbances  and  conse¬ 
quently  to  larger  deviations  from  the  undisturbed  trajectory. 

Therefore,  it  is  desirable  to  have  RF  couplers  which  may  be  reusable  for  multiple  times, 
which  do  not  disturb  the  trajectory  of  the  projectile,  where  elaborate  adjustments  are  not  nec¬ 
essary,  and  which,  furthermore,  are  simply  to  install  and  not  expensive.  The  imposed  requirements 
may  be  fulfilled  by  RF  couplers  that  are  fixed  directly  to  the  muzzle  of  the  gun  tube. 

In  [1]  a  detailed  description  of  such  a  coupling  element  can  be  found  for  a  105  mm  gun 
tube.  An  RF  coupler  which  is  mounted  inside  the  muzzle  break  is  cited  in  [2]  for  the  caliber  20 
mm.  However,  there  are  no  details  about  the  construction  of  this  RF  coupler. 

For  the  treatment  of  actual  tasks  at  the  Ernst-Mach-Institut  (EMI)  RF  couplers,  which  are 
matched  to  the  caliber  40  mm,  are  necessary.  Furthermore,  they  have  to  operate  with  powder  guns 
as  well  as  light  gas  guns  and  liquid  propellant  guns,  too.  Therefore,  in  the  following  the  construc¬ 
tion  of  RF  couplers  which  have  been  developed  at  EMI  for  the  caliber  40  mm  will  be  described. 
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Moreover,  in  a  further  section  the  construction  of  a  microwave  interferometer  as  a  com¬ 
pact  device  will  be  described  and  examples  are  given  from  results  which  have  been  achieved  with 
this  instrument  and  the  RF  couplers  constructed  at  EMI. 


RF  COUPLERS 

The  purpose  of  RF  couplers  is  to  couple  the  RF  energy  from  the  interferometer  with  high 
efficiency  into  the  gun  barrel  and  vice  versa  to  return  the  energy  reflected  at  the  projectile  into  the 
interferometer.  A  reflection-free  transition  between  the  gun  barrel  which  is  regarded  as  a  circular 
wave  guide  and  the  interferometer  with  its  coaxial  RF  output  would  be  the  optimum  from  the 
viewpoint  of  RF  engineering.  Not  regarding  the  various  possibilities  for  solving  this  problem,  in 
the  following  the  constructions  realized  at  EMI  are  described. 

As  mentioned  above,  these  RF  coupling  elements  are  tightly  connected  to  the  muzzle  of  the 
gun  tube. 

Determination  of  the  Working  Frequency 

When  determining  the  working  frequency  and  wavelength  a)  the  propagation  of  a  uniquely 
defined  wave  mode  must  be  ensured  and  b)  the  possibility  of  generating  this  wave  mode  by  means 
of  the  RF  couplers  have  to  be  considered. 


It  is  especially  the  second  demand  that  is  responsible  for  the  choice  of  the  Hi  i  wave  mode 
although  a  small  loss  concerning  the  resolution  of  the  system  has  to  be  taken  into  account.  Refer- 
ing  to  [3]  a  uniquely  defined  Hn  wave  mode  in  a  circular  wave  guide  is  given  for 


where 

1.31  <X/D<  1.71, 

(1) 

>.=  1.71  ■  D  =  >.k(Hn) 

(2) 

X 

Wavelength  in  free  space 

Xu(Hn) 

Critical  wavelength  in  free  space  for  the  Hn  wave  mode 

D 

Caliber  of  the  gun  tube  (without  rifeling) 

At  wavelengths  smaller  than  1.31  D  other  wave  modes  may  occur,  so  that  the  unique  identification 
would  no  longer  be  guaranteed.  Therefore,  for  a  40  mm  gun  tube  a  wavelength  between5.24  cm  > 
X  >  6.84  cm  and  a  frequency  in  the  range  from  4.38  GHz  <  f  <  5.72  GHz  has  to  be  chosen, 
respectively. 

For  the  construction  of  the  RF  couplers  described  a  frequency  of  f  =  5.000  GHz  was  taken. 
At  this  frequency  normally  coaxial  components  were  used. 
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Construction  of  the  RF  Couplers 

Since  there  could  not  be  found  a  suitable  configuration  for  a  direct  transition  from  a  coaxial 
line  (RF  output  of  the  interferometer)  to  a  circular  wave  guide  (gun  tube)  that  excites  the  Hu 
wave  mode  with  sufficient  efficiency,  the  transition  was  realized  in  two  steps  using  a  rectangular 
wave  guide  as  a  transition  piece.  Thus,  the  RF  energy  is  firstly  coupled  from  the  coaxial  line  into 
the  rectangular  wave  guide  and  from  there  into  the  gun  tube.  References  for  the  design  of  the 
transitions  and  the  rectangular  wave  guide  are  given  in  [3]. 

Taking  into  account  all  requirements  mentioned  above,  at  first  an  RF  coupler  for  a  42  mm 
smooth  gun  tube  was  realized  according  to  Figure  1 .  This  RF  coupler  is  attached  to  the  muzzle  of 
the  gun  barrel  by  means  of  a  thread. 


transition 
piece 


coaxial 
connector 


Figure  1  RF  coupler  for  microwave  interferometiy  with  mounting  thread 
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The  two-piece  rectangular  wave  guide  is  filled  completely  with  a  rectangular  bar  consisting 
of  AI2O3  ceramics  (relative  dielectric  constant  Sr «  9).  The  AI2O3  bar  fulfills  two  purposes. 

1.  The  dimensions  of  the  rectangular  wave  guide  will  be  reduced  by  the  factor  that  means  in 
our  case  about  3. 

2.  The  ceramics  used  in  this  case  is  extremely  resistant  against  pressure  and  temperature.  It  is 
outstandingly  suitable  to  withstand  the  muzzle  pressure,  and  there  is  no  erosion  caused  by  the 
hot  powder  gases. 

The  base  of  the  ceramic  rod  is  supported  by  a  steel  piston.  Between  the  ceramics  and  the 
piston  small  epoxy  laminas  with  varying  thickness  may  be  introduced  in  order  to  optimize  the  RF 
matching.  The  matching  of  the  coaxial  line  to  the  ceramic-filled  rectangular  wave  guide  has  been 
carried  out  experimentally  by  placing  transition  pieces  in  various  shapes  between  the  surface  of  the 
ceramics  and  the  inner  conductor  of  the  coaxial  line.  The  criterion  for  the  matching  was  an  optimal 
interferometer  signal  created  by  a  piston  which  has  been  manually  moved  inside  the  tube  by  means 
of  a  rod. 

Except  the  ceramic  rod  and  the  coaxial  chassis  connector  all  parts  of  the  RF  couplers  were 
produced  in  steel.  The  coaxial  chassis  connector  is  a  commercially  available  part. 

Figure  2  shows  the  RF  coupler  described  screwed  to  the  muzzle  of  a  42  mm  smooth  gun 

tube. 


Figure  2  RF  coupler  thread  mounted  at  the  muzzle  of  a  powder  gun 
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Figure  3  depicts  the  construction  of  an  RF  coupler  functioning  in  the  same  way  as  the  RF 
coupler  described  above.  However,  in  this  case  instead  of  a  thread  a  flange  is  used  for  the  mount¬ 
ing  of  the  RF  coupler. 


Figure  3  RF  coupler  for  microwave  interferometry  with  mounting  flange 

Figure  4  shows  the  RF  coupler  according  to  Figure  3,  which  is  mounted  to  the  muzzle  of  a 
40  mm  light  gas  gun. 
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Figure  4  RF  coupler  flange  mounted  at  the  muzzle  of  a  light  gas  gun 


MICROWAVE  INTERFEROMETER 

In  order  to  carry  out  microwave  interferometer  measurements  in  the  past  at  EMI  the  inter¬ 
ferometer  was  assembled  on  demand  using  microwave  components  available  in  the  laboratory. 
This  work  was  time  consuming,  sometimes  required  the  removal  of  the  components  from  other 
microwave  measurement  setups,  and  it  could  not  be  carried  out  by  any  technician. 

To  meet  the  increased  demand  of  measurements,  it  was  necessary  to  construct  a  micro- 
wave  interferometer  as  a  complete  instrument  where  the  operator  has  only  to  connect  the  instru¬ 
ment  to  the  RF  coupler.  At  demand,  an  operational  check  can  be  carried  out  by  moving  a  piston  in 
the  gun  tube. 

Functional  Description  of  a  Microwave  Interferometer  (Type  Michelson) 

The  principal  setup  of  a  microwave  interferometer  for  the  acquisition  of  the  projectile 
motion  is  shown  in  Figure  5. 
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Figure  5  Basic  diagram  of  a  microwave  interferometer 

An  electromagnetic  wave  with  constant  frequency,  generated  in  a  microwave  generator,  is 
coupled  at  port  A  into  a  "hybrid"  (4-port)  where  it  is  split  into  two  equal  parts  of  power.  One  of 
the  partial  waves  (TWi)  reaches  a  short  circuit  via  port  C.  There  it  is  reflected  and  again  split  off 
for  a  second  time  in  the  hybrid  into  two  partial  waves  (TWu  and  TWn).  The  second  partial  wave 
(TW2)  reaches  the  gun  tube  by  passing  port  B  and  the  RF  coupler  K.  It  is  reflected  at  the  projectile 
and  scattered  back  to  the  hybrid  where  it  is  also  split  for  a  second  time  into  the  partial  waves  TW21 
and  TW22  with  equal  parts  of  power. 

Each  part  of  the  waves  reflected  at  the  projectile  (TWu)  and  at  the  short  circuit  (TW21) 
arrives  at  a  detector  via  port  D  of  the  hybrid.  Therefore,  at  the  detector  we  have  the  superposition 
of  two  partial  waves.  By  changing  the  phase  of  one  of  the  partial  waves,  for  example  caused  by  the 
movement  of  the  projectile,  at  a  detector  with  square-law  rectification  a  signal  will  be  produced  as 
follows 

|e1^  =  Ef  +  E^  +  2Ei  E2  cos(2px-0)  (3) 

where 

El  E2  Peak  values  of  the  electric  field  strength 
3  Wave  number  (3  =  2;t/X,  X  wavelength) 

X  Displacement  of  the  projectile 

0  Initial  phase 
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The  accelerated  movement  of  the  projectile  will  therefore  produce  as  a  detector  signal  a 
sine-shaped  oscillation  with  increasing  frequency  superimposed  by  a  constant  signal. 

In  order  to  evaluate  the  detector  signal  the  distances  in  time  of  subsequently  following 
minima  or  maxima  are  registered.  The  distances  in  time  of  two  following  minima  or  maxima  corre¬ 
spond  to  a  displacement  of  exactly  half  the  wavelength  existing  in  the  gun  tube.  As  a  result  one 
gets  a  curve  where  the  location  of  the  projectile  is  given  as  a  function  of  time  with  measuring 
points  spaced  by  half  the  wavelength  in  the  wave  guide. 

The  relationship  between  the  free  space  wavelength  and  the  wavelength  in  a  wave  guide  is 
given  by  the  following  equation 


^HL  - 


(4) 


where 

X  Wavelength  in  free  space 

Xhl  Wavelength  in  a  wave  guide 

Xk  Critical  wavelength  (depending  on  the  diameter  of  the  tube  and  on  the  wave  mode) 


Design  of  the  Microwave  Interferometer 

A  block  diagram  of  the  device  produced  at  EMI  is  given  in  Figure  6.  Separate  power 
supplies  for  the  RF  generator  and  the  LF  amplifier  may  contribute  to  reduce  noise  pickup.  With 
the  application  of  RF  components  in  strip-line  technique  and  SMA  connectors  the  dimensions  of 
the  device  could  have  been  kept  small.  In  order  to  reduce  RF  radiation  and  to  get  higher  mechani¬ 
cal  stability  the  RF  components  have  been  connected  to  each  other  by  semi-rigid  cables.  Frequency 
and  power  of  the  RF  generator  may  be  checked  at  a  special  output. 


The  circuit  diagram  of  the  low-pass  amplifier  is  given  in  detail  in  Figure  7.  Figure  8  shows 
the  complete  device  with  the  cover  removed  from  the  housing  box. 

Specifications: 

Frequency  5.000  GHz 

RF  power  interferometer  output  13  dBm 

Rf  power  check  output  -  10  dBm 

Output  connector  Type  N 

LF  amplification  10,  20,  50,  100 

Coupling  input  LF  amplifier  AC  or  DC 

Bandwidth  ofLF  amplifier  100  kHz 

Dimensions  23 . 5  cm  x  1 0  cm  x  34  cm 

Weight  3.0  kg 
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Figure  6  Circuit  diagram  of  the  5  GHz  microwave  interferometer 
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Figure  7  Circuit  diagram  of  the  LF  amplifier  for  the  microwave  interferometer 
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Figure  8  Microwave  interferometer  with  removed  cover 

Figure  9  shows  the  microwave  interferometer  and  both  RF  couplers  described. 


Figure  9  Microwave  interferometer  and  RF  couplers 
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EXAMPLES 

Shot  with  a  42  mm  Smooth  Bore  Gun 

The  projectile  used  was  provided  with  a  sabot.  The  muzzle  velocity  was  about  1500  m/s. 
At  an  interferometer  frequency  of  5.0  GHz  and  a  gun  tube  diameter  of  42.45  mm  the  wavelength 
in  the  gun  tube  was  calculated  to  be  Xhl(Hii)  =  10.657  cm. 

Figure  10  shows  the  interferometer  signal  measured  by  the  equipment  described.  In  Figure 
1 1  the  equivalent  displacement  time  history  is  depicted.  This  curve  was  gained  by  acquiring  the 
maxima  by  means  of  a  cursor.  The  position  of  the  projectile  at  the  start  of  the  movement  was 
about  50  cm  related  to  the  end  of  the  charge  chamber.  The  overall  gun  tube  length  was  2.8  m. 


Figure  10  Interferometer  signal  from  a  shot  with  a  42  mm  smooth  bore  powder  gun 
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Figure  1 1  Displacement  time  curve  deduced  from  the  interferometer  signal  according  to 
Figure  10 


The  projectile  used  was  equipped  with  a  sabot.  The  muzzle  velocity  was  about  1750  m/s. 
At  an  interferometer  frequency  of  5.0  GHz  and  a  gun  tube  diameter  of  40.90  mm  the  wavelength 
in  the  gun  tube  was  calculated  to  be  Xhl(Hu)  =  11.677  cm.  Figure  12  shows  the  interferometer 
signal  and  Figure  13  the  equivalent  displacement  time  history.  This  curve  was  gained  by  acquiring 
the  maxima  by  means  of  a  cursor.  The  position  of  the  projectile  in  rest  was  about  20  cm.  The 
length  of  the  gun  tube  was  600  cm. 
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FINAL  REMARKS 

When  performing  systematical  investigations  with  firing  arms  or  their  ammunition  in  most 
cases  the  movement  of  the  projectile  is  of  great  interest.  It  can  be  measured  with  good  reliability 
by  means  of  a  microwave  interferometer. 

By  using  the  RF  couplers  described  the  application  of  the  interferometer  is  essentially 
simplified  and,  in  addition,  the  reliability  of  the  measurement  is  increased.  The  RF  couplers  are 
robust.  Therefore,  it  is  possible  to  make  a  lot  of  firings  with  the  same  element. 

Together  with  the  microwave  interferometer  one  has  a  measuring  system  which  is  simply 
to  handle  and  which  can  be  operated  by  each  qualified  technician. 

The  system  described,  working  at  a  frequency  of  5  GHz  for  gun  tube  diameters  of  about  40 
mm  can  be  transformed  without  any  problems  to  other  frequency  ranges  and  gun  tube  diameters. 
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♦ABSTRACT 

The  high  cost  of  prototype  febrication  and  testing  of  today's 
complex  weapon  systems  has  placed  an  increasing  emphasis  on  simulation  and 
modeling  to  evaluate  system  design  alternatives  and  effectiveness  prior  to 
actual  hardware  manufacture.  In  the  area  of  large  caliber  gun  systems, 
some  of  the  most  expensive  tests  are  those  required  to  determine  the 
ballistic  dispersion  of  the  gun  and/or  its  ammunition.  Although  there  are 
several  very  sophisticated  computer  models  available  today  that  will 
accurately  predict  the  dynamic  response  of  large  caliber  gun  systems 
during  firing,  these  models  typically  require  time  consuming  precise  three 
dimensional  models  of  the  gun  system  configuration  and  therefore  are  not 
conducive  to  conducting  the  "quick  check"  type  evaluations  often  required 
to  assess  the  impact  of  potential  design  alternatives  and/or  proposed 
design  modifications  in  a  timely  manner. 

In  a  joint  government-industry  collaboration  the  U.S.  Army 
Research  Laboratory  (ARL)  and  the  Armament  Systems  Division  of  United 
Defense,  LP  have  conducted  a  series  of  analyses  that  utilizing  the  "Little 
RASCAL"  gun  dynamics  simulation  program  in  conjunction  with  a  couple  of 
standard  interior  and  exterior  ballistics  programs  (i.e.,  "IBHGV2"  and 
"PC-PRODAS")  can  provide  a  "quick  turnaround"  analysis  capability  to 
evaluate  the  ballistic  dispersion  of  indirect  fire  gun  systems. 

The  U.S.  Navy's  5-Inch  54-Caliber  Gun  Mount  Mark  45  and  the 
Mk  64  projectile  were  selected  for  this  study  because  of  the  Navy’s  recent 
interest  in  understanding  the  total  error  budget  of  this  gun  system.  The 
results  obtained  from  this  relatively  simple  analysis  technique  have  shown 
very  good  correlation  with  ballistic  dispersion  measurements  made  during 
actual  firing  tests.  In  addition,  numerous  parameters  have  been  varied  to 
provide  insights  into  design  variation  trends. 
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First  Order  Dynamic  Tools  for  Rapid  Assessment  of  Small  Changes  to  Major  Gun 

and  Projectile  Dynamic  Parameters. 

Thomas  F.  Erline  U.S.  Army  Research  Laboratory,  Aberdeen,  MD 
Leo  L.  Fischer  United  Defense,  LP  Armament  Systems  Division,  Minneapolis,  MN 


INTRODUCTION 

The  high  cost  of  prototype  fabrication  and  testing  of  today's  complex  weapon  systems  has 
placed  an  increasing  emphasis  on  simulation  and  modeling  to  evaluate  system  design  alternatives 
and  effectiveness  prior  to  actual  hardware  manufacture.  In  the  area  of  large  caliber  gun  systems, 
some  of  the  most  expensive  tests  are  those  required  to  determine  the  ballistic  dispersion  of  the 
gun  and/or  its  ammunition.  Although  there  are  several  very  sophisticated  computer  models 
available  today  which  will  accurately  predict  the  dynamic  response  of  large  caliber  gun  systems 
during  firing,  these  models  typically  require  precise  three  dimensional  models  of  the  gun  system 
configuration  and  its  mass  properties.  Therefore,  these  models  are  not  well  suited  to  conducting 
the  "sanity  check"  type  evaluations  often  required  to  assess  the  impact  of  potential  design 
alternatives  and/or  proposed  design  modifications  in  a  timely  manner. 

In  a  joint  govemment/industry  collaboration  the  U.S.  Army  Research  Laboratory  (ARL) 
and  the  Armament  Systems  Division  of  United  Defense,  LP  have  investigated  the  feasibility  of 
utilizing  the  "Little  RASCAL"  (LR)  [ref.  a]  gun  dynamics  simulation  program  in  conjunction  with 
"standard"  interior  and  exterior  ballistics  programs  to  provide  a  "desktop"  analysis  capability  to 
evaluate  the  ballistic  dispersion  of  intermediate  caliber  gun  systems.  The  gun  system  chosen  for 
analysis  in  this  study  was  the  U.  S.  Navy's  5-Inch  54-Caliber  Gun  Mount  Mark  45.  The  Mark  45 
is  the  main  gun  armament  of  the  majority  of  current  U.  S.  surface  combatants  and  is  slated  to  be 
upgraded  in  capability  as  part  of  the  Naval  Surface  Fire  Support  (NSFS)  program.  Therefore, 
considerable  interest  exists  in  obtaining  a  more  detail  understanding  of  the  system  error  budget 

The  analysis  procedure  described  in  this  paper  has  been  shown  to  yield  reasonable 
estimates  of  the  ballistic  dispersion  of  an  intermediate  caliber  indirect  fire  weapon  and  offers  a 
relatively  simple  method  for  obtaining  "first  order"  estimates  of  the  impact  of  proposed  design 
changes  to  either  the  weapon  or  its  ammunition  and  can  provide  a  useful  tool  for  gun  system 
designers  to  assess  the  potential  impact  of  small  changes  to  major  parameters  affecting  gun  and 
projectile  dynamics. 

BACKGROUND 

This  study  was  based  on  two  ARL  developed  computer  models;  the  IBHVG2  [ref.  b] 
interior  ballistics  program,  the  LR  gun  dynamics  program  and  the  commercially  available 
projectile  design  and  analysis  program  PRODAS’^”. 


14-3 


ERLINE,  nSCHER 


IBHVG2,  which  stands  for  "Interior  Ballistics  of  High  Velocity  Guns,  version  2,"  is  a 
lumped-parameter,  interior  ballistic  computer  code.  The  code,  which  was  developed  at  ARL,  is 
an  updated  version  of  the  classic  Baer-Frankie  interior  ballistic  code.  IBKrVG2  is  used  to 
calculate  interior  ballistic  trajectories,  including  gas  pressure,  projectile  displacement  and 
projectile  velocity  as  a  function  of  time.  IBHVG2  was  used  to  compute  the  interior  ballistic  cycle 
of  die  standard  5-Inch  Propelling  Charge  Mk  67.  The  Mk  67  charge  is  designed  to  produce  a 
nominal  new  gun  velocity  of  2,650  ft/sec  with  a  70  lb.  projectile.  The  projectile  velocity  and 
breech  pressure  versus  time  data  computed  by  IBHVG2  were  used  as  input  to  the  LR  gun 
dynamics  program. 

The  Litde  RASCAL  is  a  comprehensive  modeling  code  for  lateral  gun  dynamics  and 
projectile  dynamics.  When  fired,  the  bore  riding  projectile  undergoes  a  complex  sequence  of 
mechanical  and  gas  dynamic  interactions  on  its  way  out  the  barrel.  The  Litde  RASCAL  gun  and 
projectile  dynamics  program  is  capable  of  simulating  the  inertial  loading  conditions  brought  about 
by  the  projectile  interacting  with  the  barrel  in  a  plane  as  it  accelerates  the  length  of  a  gun  tubes 
unique  centerline.  Thus,  in  tracking  the  projectile  interacting  with  the  barrel  the  initial  launch 
conditions  of  the  projectile  at  shot  exit  can  be  predicted.  Projectile  pitch  and  pitch  rates  as  well  as 
muzzle  motion  are  calculated  and  available  for  the  exterior  ballistics  programs. 

The  Litde  RASCAL  gun  and  projectile  dynamics  program  is  a  dynamic  displacements 
code  employing  a  direct  structural  dynamics  analysis  approach  to  the  simulation  of  firing  a 
projectile  firom  a  gun.  Both  the  gun  system  and  the  projectile  are  modeled  using  a  series  of 
equally  spaced  cylindrical  elements.  Nodes  are  centered  and  assigned  equivalent  mass  and 
stiffness  values  based  on  standard  engineering  formulae.  Inertial  forces  and  flexural  forces  are 
calculated  using  this  simplified  description.  Flexure  at  each  node  is  approximated  by  a  second 
order  finite  difference  method,  which  allows  the  bending  forces  to  be  computed.  Transverse  nodal 
accelerations  caused  by  these  forces  are  integrated  with  respect  to  time  to  obtain  transverse  nodal 
velocities,  and  integrated  again  to  obtain  lateral  node  displacements.  Loads  induced  by  pressure 
effects,  mounting  conditions,  breech  center  of  gravity  offset,  and  the  projectile  interaction  forces 
with  the  barrel  are  accounted  for  in  the  LR  program.  All  forces  are  then  integrated  by  a 
predictor-corrector  technique  stabilized  by  a  numerically  stiff  ordinary  differential  equation  solver 
[ref.  c]. 


The  gun  system  (which  includes  the  breech,  barrel  and  two  gun  supports)  and  the 
projectile  system  are  two  separate  models.  They  are  accounted  for  individually  except  for  a 
variational  algorithm  that  handles  their  interaction.  The  interaction  of  the  projectile  with  the 
barrel  occurs  through  contact  points.  The  two  contact  points  defined  on  the  projectile  are  usually 
positioned  where  they  occur  geometrically.  The  two  projectile  contact  point  positions  on  the 
barrel  are  dynamic  and  change  as  the  projectile  traverses  the  bore.  The  gun  system  model  and  the 
projectile  model  are  two  separate  flexible  entities,  with  each  projectile  contact  point  requiring  a 
user  defined  spring  constant.  The  spring  constants  serve  to  define  the  interface  loads  between  the 
projectile  model  and  the  gun  model. 
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The  LR  program  has  proven  that  simple  modeling  techniques  in  which  the  primary 
components  of  a  gun  system  are  included  can  produce  reasonably  accurate  results  in  a  timely 
manner.  The  code  is  generic  enough  so  that  almost  any  gun  system  and  projectile  can  be  modeled 
in  a  simple  manner.  Gun  dynamics  predictions  made  by  LR  of  barrel  motion  have  been  shown  to 
agree  quite  well  with  experimental  results  over  a  wide  range  of  gun  system  size  and  type.  [ref.  d] 

The  PRODAS'^’M  program  is  a  multi-faceted  projectile  analysis  package.  The  principal 
features  of  the  program  used  for  this  study  were  the  muzzle  exit  analysis  feature  and  the  six 
degree-of-freedom  (6DOF)  trajectory  model.  The  Muzzle  Exit  segment  of  PRODAS  was  used  to 
compute  the  initial  muzzle  exit  tip-off  angle  and  tip-off  rate  resulting  from  the  clearance  between 
the  projectile  and  the  bore  of  the  gun.  The  6DOF  trajectory  model  was  used  to  determine  the 
effect  on  achieved  range  of  various  initial  pitch  and  yaw  angles  and  angular  rates. 

The  projectile  geometry  and  mass  properties  used  throughout  the  study  were  based  on  the 
standard  5-inch  Mk  64  projectile  body  (see  Figure  1)  with  high  explosive  load  and  Mk  73  CVT 
proximity  fuze.  The  mass  properties  of  the  projectile  are  summarized  in  Table  1. 


Table  1  Projectile  Mass  Properties 


Weight  (lbs.) 

68.49 

CG  from  Nose  (in) 

16.56 

Axial  Moment  of  Inertia  Gbm-in^) 

240.83 

Transverse  Moment  of  Inertia  Gbm-in^) 

2803.50 

As  with  any  gun  dynamics  model,  the  accuracy  of  the  results  obtained  from  the  LR  model 
are  dependent  upon  detailed,  precise  knowledge  of  the  weapon  being  analyzed.  Since  the  Mk  45 
Gun  Mount  has  been  in  production  for  over  20  years,  a  considerable  volume  of  detailed 
information  concerning  the  geometry,  mass  properties,  and  stiffness  of  various  system 
components  was  available  to  facilitate  the  modeling  process.  This  was  also  true  for  the 
ammunition  components.  The  single  area  where  detailed  information  did  not  exist  was  the  gun 
barrel.  Although  dimensional  and  mass  property  data  existed  for  the  5-inch  Gun  Barrel  Mk  19, 
there  was  little,  if  any,  information  on  the  centerline  variations  existent  in  previously  manufactured 
gun  barrels.  To  overcome  this  lack  of  information,  centerline  measurements  of  two  Mk  19  Mod  2 
gun  barrels,  serial  numbers;  518  and  17343,  were  made  by  ARL  personnel  using  laser  measuring 
equipment  expressly  designed  for  this  purpose.  A  third  gun  barrel,  serial  number  17423,  was  also 
measured;  however,  data  from  this  barrel  became  available  too  late  to  be  included  in  this  study. 


14-5 


ERLINE,  nSCHER 


Figure  1  5-Inch  Projectile  Mk  64 

The  original  objective  of  this  study  was  to  determine  the  ability  of  the  LR  program  to 
accurately  predict  the  dynamic  response  of  the  Mk  45  Gun  Mount  during  firing  for  the  purpose  of 
gaining  a  greater  understanding  of  the  total  error  budget  of  the  system.  However,  as  the  analysis 
proceeded,  it  became  apparent  that  the  analysis  methodology  being  employed  could  be  utilized  as 
a  relatively  simple  means  of  assessing  the  potential  impact  of  changes  to  certain  key  system  design 
parameters  upon  the  ballistic  dispersion  of  the  system. 

APPROACH 

The  analysis  methodology  developed  during  this  study  involves  a  four  step  process:  1)  the 
LR  model  is  used  to  predict  the  projectile  pitch  and  yaw  angles  and  angular  rates  resulting  from 
the  dynamic  response  of  the  system  during  firing.  2)  The  tip-off  angle  and  angular  rate  resulting 
from  the  in-bore  yaw  of  the  projectile  is  computed  for  both  nominal  and  maximum  projectile 
clearance  conditions.  These  muzzle  exit  conditions  are  combined  numerically  with  the  LR  results 
to  obtain  a  set  of  initial  projectile  launch  conditions  to  be  used  with  the  6DOF  trajectory  model. 

3)  The  6DOF  trajectory  model  is  used  to  compute  the  range  to  impact  for  each  of  the  initial 
conditions  defined  in  step  2.  4)  The  results  of  the  trajectory  calculations  are  tabulated  and  the 
mean  and  standard  deviation  of  the  achieved  range  computed  to  give  an  estimate  of  the  ballistic 
dispersion  which  would  result  from  the  system  configuration  being  modeled. 
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The  LR  modeling  process  involves  describing  the  projectile,  projectile  interior  ballistics, 
and  the  gun  system.  The  projectile  is  described  by  its  geometry  and  mass  properties,  plus  a 
definition  of  the  location  and  spring  constant  for  each  of  the  two  contact  points  between  the 
projectile  and  the  gun  barrel.  The  interior  ballistic  information  consists  of  the  projectile  velocity 
versus  time  history  for  the  in-bore  cycle.  The  gun  system  information  required  includes  the 
geometry  and  mass  description  of  the  gun  barrel  and  breech  along  with  breech  center  of  gravity 
offsets,  if  any,  trunnion  and  elevation  support  locations  and  their  equivalent  spring  constants.  The 
final  gun  system  data  requirement  is  the  data  describing  the  variations  in  the  centerline  of  the  gun 
barrel. 


A  simplified  schematic  representation  of  the  gun  system,  as  modeled  in  the  LR  program  is 
shown  in  Figure  2.  The  breech  assembly  of  the  Mk  45  has  a  weight  of  2344  pounds  and  its  center 
of  gravity  is  offset  0.141  inch  vertically  and  0.0302  inch  horizontally.  The  trunnion  supports  are 
located  19  inches  forward  of  the  rear  face  of  the  breech  assembly  and  were  assigned  a  spring 
constant  of  3,200,000  Ibs/in.  The  effective  elevation  support  of  the  gun  assemble  is  located  17 
inches  aft  of  the  trunnion  and  was  assigned  a  spring  constant  of  134,000  Ibsfin.  As  previously 
stated,  the  centerline  variations  of  two  5-inch  Mk  19  Mod  2  Gun  Barrels  (S/N  518  &  S/N  17343) 
were  measured  by  ARL  personnel  for  use  during  this  study.  The  vertical  and  horizontal  centerline 
deviations  of  the  two  barrels  are  shown  in  Figures  3  and  4. 


The  muzzle  exit  conditions  computed  by  the  PROD  AS  program  include  the  magnitude  of 
the  tip-off  angle  and  tip-off  rate  resulting  from  the  bore  to  bourrelet  clearance  and  spin  of  the 
projectile.  The  dimensional  tolerances  on  the  bourrelet  of  the  projectile  and  the  bore  of  gun  barrel 
were  examined  to  define  the  extreme  clearance  conditions  likely  to  occur  in  fielded  systems  and 
the  tip-off  angle  and  angular  rates  for  minimum  and  maximum  clearance  conditions  computed. 
Since  the  orientation  of  these  exit  conditions,  i.e.,  up,  down,  left,  right,  etc.,  is  random  in  nature,  a 
baseline  set  of  32  possible  combinations  of  angle  and  angular  rate  for  each  clearance  condition 
were  established  for  use  in  the  analysis.  These  combinations  of  pitch  and  yaw  angle  and  angular 
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rate  were  combined  numerically  with  the  results  from  the  LR  program  to  produce  a  matrix  of 
initial  launch  conditions  for  the  6DOF  trajectory  model.  Thus  a  total  of  64  possible  launch 
conditions  were  established  for  each  case  to  be  analyzed. 


Figure  3  Gun  Barrel  S/N  518  Centerline  Data 


Prior  to  beginning  the  analysis,  the  6DOF  trajectory  model  was  "calibrated"  by  adjusting 
the  projectile  input  data  to  obtain  range  results  under  standard  conditions  which  corresponded  to 
published  information  [ref.  e]  on  the  range  performance  of  the  5"/54  gun  system.  Once  the 
trajectory  model  was  calibrated,  the  launch  condition  matrices  were  used  to  generate  input  data 
files  for  the  trajectory  model.  Computation  time  for  the  test  case  trajectories  varies  between  2 
and  20  minutes  depending  on  the  gun  elevation  being  used  and  the  speed  of  the  individual 
computer. 

To  facilitate  analysis  and  manipulation  of  the  data,  the  trajectory  results  were  complied  in 
a  computer  spreadsheet.  This  approach  permitted  rapid  computation  of  various  statistical  data 
such  as  the  mean  and  standard  deviation  of  the  range  results  and  plotting  of  the  data. 
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Centerline  Length  (in) 


Figure  4  Gun  Barrel  S/N  17343  Centerline  Data 


RESULTS 

The  initial  series  of  simulations  performed  using  the  LR  model  consisted  of  determining 
the  dynamic  response  of  each  gun  barrel  at  seven  different  gun  elevation  angles.  The  elevation 
angles  chosen  corresponded  to  nominal  gun  ranges  of  1000, 2000, 5000, 7500, 10000, 15000, 
and  20000  yards. 

The  results  obtained  from  this  initial  modeling  of  the  Mk  45's  dynamic  response  at  various 
elevation  angles  was  used  to  assess  the  ability  of  methodology  established  for  this  study  to 
provide  a  reasonable  estimate  of  the  of  the  ballistic  dispersion  which  would  result  in  actual  gun 
firing.  Trajectory  calculations  were  made  using  the  results  from  both  barrel  centerlines  at  each 
elevation  angle.  The  range  standard  deviation  obtained  in  each  case  was  then  compared  to  the 
best  available  estimates  [ref.  f]  of  actual  gun  system  performance  under  proving  ground 
conditions.  The  results  of  this  assessment  are  shown  in  Figure  5. 
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Figure  5  Calculated  and  Proving  Ground  Range  Dispersion 


The  proving  ground  range  dispersion  values  shown  in  Figure  5  are  based  on  post-test 
analysis  of  a  large  volume  of  firing  data  collected  by  the  Naval  Surface  Warfare  Center/Dahlgren 
Division  over  the  last  20+  years  from  numerous  5"/54  gun  systems  under  various  firing 
conditions.  These  values  are  derived  during  the  post-test  data  reduction  process  and  may  be 
characterized  as  the  standard  deviation  of  the  residual  uncertainty  which  exists  between  the 
observed  range  of  each  round  and  the  value  computed  when  all  known  conditions  (i.e.,  met 
conditions,  projectile  weight,  actual  muzzle  velocity,  etc.)  are  factored  into  the  standard  5"/54  fire 
control  equations.  It  has  also  been  noted  that  observed  ballistic  dispersion  of  the  5"/54  gun 
system  has  been  declining  in  recent  years.  This  is  evident  in  the  results  of  a  recent  shipboard 
ammunition  effectiveness  test  [ref.  g]  conducted  under  closely  controlled  conditions  at  a  gun- 
target  range  of  approximately  18,000  yds.,  the  observed  standard  deviation  error  in  range  was  48 
yds.  (12  yds.  less  than  the  established  proving  ground  value).  While  the  reasons  for  this  decline  in 
dispersion  are  beyond  the  scope  of  this  paper,  a  major  contributing  factor  could  be  the 
improvements  in  dimensional  consistency  achieved  in  projectile  bodies  manufactured  using 
numerical  controlled  machining  processes. 
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The  distinctive  "U"  or  "bathtub"  shape  of  the  proving  ground  range  dispersion  curve  is 
characteristic  of  most  naval  gun  systems.  Because  naval  guns  employ  a  single  service  charge  for 
both  direct  and  indirect  fire  targets,  variations  in  the  departure  angle  of  the  projectile  tend  to  be 
the  dominate  cause  of  range  dispersion  at  short  range,  while  factors  which  affect  the  drag  and 
flight  characteristics  of  the  projectile  (i.e.,  dimensional  variations,  surface  finish,  CXj  location, 
inertia,  etc.)  are  the  dominate  source  of  error  at  long  range.  In  addition,  transient  meteorological 
effects  have  a  greater  impact  on  the  long  range  trajectories. 

A  further  detail  which  must  be  taken  into  consideration  when  interpreting  the  results 
illustrated  in  Figure  5,  is  effect  on  the  projectile  initial  tip-off  angle  and  angular  rate  caused  by  the 
torsional  response  of  the  gun  barrel  due  to  the  rifling  reaction  as  the  projectile  is  spun  up  during 
the  ballistic  cycle.  This  response  is  not  modeled  in  the  LR  program  and  could  account  for  the 
under-prediction  of  dispersion  at  the  shorter  ranges. 

In  light  of  the  considerations  discussed  above,  and  the  limited  amount  of  barrel  centerline 
data  available,  it  was  concluded  that  the  analysis  methodology  developed  for  this  study  was 
providing  a  reasonably  accurate  "first-order"  indication  of  the  effect  of  the  dynamic  response  of 
the  gun  during  firing  upon  range  dispersion.  In  addition,  further  analysis  of  the  trajectory  results 
revealed  that  the  average  achieved  range  of  rounds  fired  from  gun  barrel  S/N  518  was  always  less 
than  that  achieved  by  gun  barrel  S/N  17343  as  illustrated  in  Figure  6. 

While  it  has  frequently  been  observed  that  some  guns  are  "long  shooters"  and  others 
"short  shooters"  and  that  retubing  can  change  a  gun  fi'om  a  "long  shooter"  to  a  "short  shooter 
and  vice  versa,  the  cause  of  this  phenomena  has  never  been  adequately  explained  or  investigated. 
Although  the  limited  sample  size  used  in  this  study  precludes  any  definitive  conclusions 
concerning  the  cause  of  this  phenomena,  the  authors  feel  that  further  investigation  of  the  effect  of 
gun  barrel  centerline  variations  on  average  achieved  range  could  lead  to  a  more  thorough 
understanding  of  this  phenomena. 

Encouraged  by  these  initial  results,  the  authors  set  out  to  determine  if  the  analysis 
technique  could  be  used  to  characterize  the  effect  on  ballistic  dispersion  of  changes  to  major 
system  design  parameters.  The  system  parameters  chosen  for  further  analysis  were  the  effective 
spring  constants  of  the  gun  trunnions,  the  elevation  support  structure,  and  the  forward  and  aft 
bourrelets  of  the  projectile  body.  Since  design  changes  to  both  the  trunnions  and  elevation  drive 
of  the  Mk  45  gun  mount  are  currently  being  considered  as  part  of  the  NSFS  upgrade  package,  the 
potential  impact  of  changes  in  these  components  on  ballistic  dispersion  was  of  particular  interest. 
Although  the  significance  of  accurate  estimates  of  projectile  body  spring  constants  on  LR  analysis 
results  had  been  previously  investigated  [ref.  h],  the  impact  of  changes  or  variations  in  these 
physical  characteristics  of  the  projectile  upon  the  ballistic  dispersion  of  indirect  fire  weapons  had 
not  been  explored. 
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Figure  6  Achieved  Range  Differential  of  Gun  Barrels  S/N's  518  &  17343 


To  assess  the  utility  of  the  analysis  methodology  in  the  characterization  of  the 
sensitivity  of  system  ballistic  dispersion  to  variations  in  the  identified  system  parameters, 
additional  calculations  were  conducted  using  the  range  of  values  shown  in  Table  2.  Each 
parameter  was  varied  over  the  range  of  values  while  all  the  others  were  held  constant  at  the 
baseline  values  previously  established  for  the  system.  Separate  calculations  were  conducted  for 
each  of  the  two  gun  barrel  centerlines. 


Table  2  System  Parameters  Varied  during  Analysis 


Sprin 

g  Constant  Ob/in) 

Trunnions 

1.92E+6 

2.24E+6 

2.72E+6 

3.20E+6 

Elevation  Support 

109,440 

123,120 

135,800 

150,480 

164,160 

Fwd  Bourrelet 

0.5E+6 

0.8E+6 

1.18E+6 

2.0E+6 

3.0E+6 

Aft  Bourrelet 

0.5E+6 

0.8E+6 

1.08E+6 

2.0E+6 

3.0E+6 
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The  range  of  values  chosen  for  the  trunnions  and  the  elevation  support  were  based  on 
engineering  experience  and  the  results  of  numerous  shock  and  vibration  analyses  and  tests  that 
have  been  conducted  on  the  Mk  45  Gun  Mount  since  its  introduction  to  the  fleet  in  the  early 
1970's.  The  range  of  spring  constants  for  the  projectile  bourrelets  was  based  on  test  results  from 
two  Mk  64  projectile  bodies  and  data  collected  by  ARL  on  the  radial  stif&iess  of  120mm  tank 
projectiles,  [ref.  i]  The  results  obtained  from  the  LR  model  for  the  variations  of  the  gun  mount 
parameters  are  shown  in  Table  3  and  the  results  for  variations  of  the  projectile  parameters  are 
shown  in  Table  4. 

Table  3  Gun  Mount  Parameter  Variation  Results 


Parameter 

Barrel 

S/N 

Parameter 

Value 

Pitch 

Angle 

(rad) 

Yaw 

Angle 

(rad) 

Pitch 

Rate 

(r/s) 

Elevation  Support 

518 

164160 

6.9920e-04 

6.7707e-04 

1.7406 

0.4797 

150480 

6.9905e-04 

6.7707e-04 

1.7405 

0.4798 

135800 

6.987  le-04 

6.7707e-04 

1.7404 

0.4798 

123120 

6.9876e-04 

6.7707e-04 

1.7403 

0.4798 

109440 

6.9816e-04 

6.7707e-04 

1.7402 

0.4798 

17343 

164160 

-7.7922e-04 

4.9129e-04 

-0.8651 

1.5032 

150480 

-7.7956e-04 

4.9129e-04 

-0.8656 

1.5032 

135800 

-7.7990e-04 

■SB9 

1.5032 

123120 

-7.8023e-04 

4.9131e-04 

-0.8666 

1.5032 

109440 

-7.8058e-04 

4.9131e-04 

-0.8671 

1.5032 

Trunnions 

518 

3200000 

6.987  le-04 

6.7707e-04 

1.7404 

0.4798 

2720000 

7.0022e-04 

6.7708e-04 

1.7412 

0.4798 

2240000 

7.0154e-04 

6.7709e-04 

0.4798 

1920000 

7.0241e-04 

6.7709e-04 

1.7423 

0.4798 

17343 

3200000 

-7.7990e-04 

4.9130e-04 

-0.8661 

1.5032 

2720000 

-7.7990e-04 

4.9132e-04 

-0.8662 

1.5032 

2240000 

-7.7992e-04 

4.9133e-04 

-0.8663 

1.5032 

1920000 

-7.7991e-04 

4.9134e-04 

-0.8663 

■■mi 

The  small  changes  in  projectile  initial  conditions  which  resulted  from  rather  large 
changes  in  the  spring  constants  of  the  gun  tmnnions  and  elevation  support  would  seem  to 
indicate  that  the  ballistic  dispersion  of  the  Mk  45  gun  system  is  relatively  insensitive  to  major 
changes  in  these  parameters. 

The  changes  in  the  initial  projectile  pitch  and  yaw  angles  and  angular  rates  resulting  from 
the  changes  in  the  spring  constants  of  both  the  forward  and  aft  bourrelets  are  shown  in  Table  4. 
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Table  4  Projectile  Parameter  Variation  Results 


Parameter 

Barrel 

S/N 

Parameter 

Value 

Pitch 

Angle 

(rad) 

Yaw 

Angle 

(rad) 

Pitch 

Rate 

(r/s) 

Fwd  Bourrelet 

518 

3000000 

1.7604e-04 

3.6752e-03 

-4.4191 

1.5883 

2000000 

1.2332e-03 

3.7083e-03 

-1.4797 

6.1585 

1185000 

6.9871e-04 

6.7707e-04 

1.7404 

0.4798 

-4.0800e-04 

1.3737e-03 

-0.3266 

-1.6183 

500000 

-2.8924e-04 

1.9709e-03 

-3.3228 

-0.5196 

17343 

3000000 

1.7451e-03 

2.7548e-04 

-0.5799 

3.4469 

1.5485e-03 

2.0303e-03 

3.9567 

0.1358 

1185000 

-7.7990e-04 

4.9130e-04 

-0.8661 

1.5032 

800000 

5.5708e-04 

1.3142e-03 

-0.0378 

-1.8546 

500000 

1.3455e-04 

1.8419e-04 

1.5311 

0.2972 

Aft  Bourrelet 

518 

3000000 

1.0206e-04 

7.6987e-04 

1.0323 

4.1891 

2000000 

8.3561e-04 

5.9081e-04 

2.1809 

1.0394 

■BBS 

6.9871e-04 

6.7707e-04 

1.7404 

0.4798 

800000 

4.7562e-04 

9.9157e-04 

1.8221 

500000 

8.1551e-05 

1.5270e-04 

1.5868 

-0.1344 

17343 

3000000 

-6.9767e-04 

9.4122e-04 

0.6385 

2.2155 

2000000 

-7.2585e-04 

8.1648e-04 

-0.3713 

3.4534 

1085000 

-7.7990e-04 

4.9130e-04 

-0.8661 

0.4798 

800000 

-6.4252e-04 

5.0799e-04 

-1.2817 

0.2990 

500000 

3.4813e-04 

■BBS 

0.8365 

1.6513 

The  dynamic  shape  of  the  two  gun  barrels  during  firing  is  shown  in  Figxu-es  7  and  8. 

Each  figure  illustrates  the  shape  of  the  barrel  when  the  projectile  has  traveled  3/4  of  the  distance 
to  the  muzzle,  7/8  of  the  distance  to  the  muzzle,  and  at  muzzle  exit.  The  reference  for  gun  barrel 
motion  in  these  figures  is:  at  time  zero  all  nodal  displacements  are  zero.  The  dynamic  response 
of  the  two  gun  barrels  as  evident  in  their  dynamic  shapes  in  the  vertical  plane,  as  shown  in 
Figures  7  and  8,  is  unique  to  their  individual  centerline  variations.  These  unique  reaction 
characteristics  are  also  evident  in  the  transverse  velocity  of  the  gun  muzzle  during  the  in-bore 
cycle.  As  can  be  seen  in  Figures  9  thru  12,  the  frequency  and  amplitude  of  the  transverse 
velocity  response  shifts  with  changes  in  the  spring  constant  of  the  forward  bourrelet  of  the 
projectile.  This  frequency  shift  is  due  to  a  change  in  the  projectile's  rigid  body  rocking  modes. 
Since  there  are  two  rocking  modes,  [ref.  j]  changing  the  spring  constants  of  projectile  bourrelets 
changes  the  the  response  of  the  gun  barrel.  Without  presenting  all  of  the  results  generated 
during  this  study,  it  was  noted  that  the  changes  in  the  spring  constant  of  the  forward  bourrelet 
produced  much  larger  changes  in  the  dynamic  response  of  the  system  than  changes  to  the  spring 
constant  of  the  aft  bourrelet.  The  dominate  influence  of  the  forward  bourrelet  results  from 
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several  factors.  The  most  obvious  being  that  the  forward  bourrelet  is  the  first  point  on  the 
projectile  body  to  encounter  the  variatons  in  the  barrel  and  that  the  center  of  gravity  of  the 
projectile  is  closer  to  the  forward  bourrelet. 


Figure  7  Dynamic  Shape  of  Barrel  S/N  518  During  Firing 


Figure  8  Dynamic  Shape  of  Barrel  S/N  17343  During  Firing 
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Figure  10  Transverse  Velocity  of  Gun  Muzzle  (S/N  518) 


FISCHER 


Figure  12  Transverse  Velocity  of  Gun  Muzzle  (S/N 17343) 
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These  results  prompted  further  investigation  of  the  potential  impact  of  ch^ges  to  the 
forward  bourrelet  spring  constant  on  range  dispersion.  Using  the  procedi^  previously 
described,  a  series  of  trajectory  calculations  were  performed  for  each  initial  condition  at  a  gun 
elevation  corresponding  to  a  nominal  range  of  7,500  yds.  The  results  of  these  calculations  are 
shown  in  Figtires  13  and  14. 


Fwd  Bourrelet  Spring  Constant  (Ihrin) 


Figure  13  Effect  of  Variations  in  Forward  Bourrelet  Spring  Constant 


As  expected,  the  changes  in  range  dispersion  which  resulted  from  changes  to  the  spring 
constant  of  the  forward  bourrelet  are  significantly  larger  than  those  for  corresponding  changes  to 
the  aft  bourrelet.  Although  this  study  analyzed  the  response  of  only  two  individual  gun  barrels, 
these  results  would  seem  to  indicate  that  if  further  improvements  in  the  ballistic  dispersion  of  the 
5"/54  gun  system  are  to  be  realized,  then  attention  must  be  focused  on  the  gun  barrel 
manufacturing  process  with  the  objective  of  producing  gun  barrels  whose  characteristic 
centerline  variations  more  consistent. 
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Figure  14  Effect  of  Variations  in  Aft  Bourrelet  Spring  Constant 


SUMMARY  AND  CONCLUSIONS 

The  first  order  ballistics  tools  used  in  this  study  are  proven  products.  They  are  fast,  and 
have  been  shown  to  produce  reasonably  accurate  results.  When  utilized  in  the  anaysis 
methodology  previously  described  in  this  paper,  these  models  produced  estimates  of  the  ballistic 
dispersion  of  the  5"/54  gun  system  which  compare  favorably  to  available  proving  ground  data. 

In  addition,  simulations  analyzing  the  effect  on  shot  exit  conditions  due  to  changes  on  a  single 
major  parameter  of  the  gun  mount  or  the  projectile  were  also  conducted.  The  results  of  these 
analyses  indicate  that  major  changes  in  the  spring  constant  of  the  gun  supports  produce  neglible 
effect  on  the  projectile  at  shot  exit.  Much  more  noticeable  changes  in  shot  exit  conditions  occur 
when  the  projectiles  contact  spring  coefficient  change.  This  is  especially  true  when  the  forward 
bourrelet  spring  constant  is  changed. 

One  of  the  more  important  conditions  to  note  in  this  gun  system  is  that  the  very  small 
center  of  gravity  offsets  in  the  breech  have  an  insigiuficant  effect  on  the  dynamic  response  of  the 
gun.  The  results  indicate  that  each  individual  gun  barrel  centerline  produces  a  uniquel  gun 
response.  This  unique  response  appears  to  cause  the  mean  achieved  range  for  a  fixed  set  of 
firing  conditions  to  be  different  for  each  gun  barrel.  This  unique  response  characteristicmay  be 
the  root  cause  of  the  “short  shooter”  -  “long  shooter”  characteristic  often  observed  in  the  5754 
and  other  gun  systems. 
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The  analyses  conducted  during  this  investigation  have  yielded  a  considerable  volume  of 
information  about  the  overall  dynamic  response  characteristics  of  the  5’754  gun  system.  A 
complete  presentation  of  the  data  derived  to  date  is  far  beyond  the  scope  of  this  paper.  The 
interperation  of  this  information  is  an  ongoing  process  and  will  undoubtly  lead  to  a  more 
complete  understanding  of  the  key  factors  which  influence  the  ballistic  dispersion  of  the  Mk  45 
Gun  Mount. 

While  the  dynamic  response  of  large  caliber  indirect  fire  gun  systems  is  a  relatively 
minor  contributor  to  the  overall  delivery  error,  the  importance  of  understanding  the  magnitude 
and  source  of  all  errors  cannot  be  overstated.  As  the  range  of  indirect  fire  gun  weapon  systems 
is  increased  and  greater  emphasis  is  placed  on  improving  delivery  accuracy  at  these  extended 
ranges,  the  need  to  identify,  quantify,  and  understand  the  interdependencies  of  all  sources  of 
error  will  become  increasingly  important.  Because  of  the  ever  increasing  cost  of  conducting  live 
firing  tests,  computer  modeling  and  simulation  is  often  the  only  affordable  means  available  to 
acquire  the  necessary  knowledge  and  understanding  required  to  make  intelligent  decisions 
concerning  the  overall  accuracy  potential  of  a  gun  weapon  system.  However,  as  the  speed  and 
power  of  computers  has  continued  to  increase,  so  has  the  sophistication  and  complexity  of  the 
models.  Although  these  models  are  capable  of  providing  precise  information,  often  at  levels  of 
detail  heretofore  impossible  to  instrument,  the  time  and  expense  required  to  develop  and 
calibrate  these  models  for  existing  weapon  systems  is  often  prohibitive.  Therefore,  there  is  a 
definite  need  for  an  accurate  and  simple  means  of  conducting  the  "quick  look"  type  analyses  and 
"first  order"  effect  assessments  necessary  to  guide  and  focus  the  application  of  more 
sophisticated  techniques. 

Although  this  study  has  admittedly  been  limited  in  scope,  the  authors  believe  that  the 
analysis  methodology  developed  during  die  investigation  and  described  in  this  paper  offers  a 
relatively  simple  and  effective  means  of  characterizing  the  dynamic  response  of  a  large  caliber 
gun  system  and  assessing  that  system’s  sensitivity  to  changes  in  key  parameters  which  affect  its 
dynamic  response.  This  "desktop"  procedure  provides  the  gun  and  ammunition  designer  with  an 
effective  tool  to  quickly  and  economically  assess  the  potential  impact  of  proposed  changes  to 
key  system  parameters  and  can  also  provide  design  guidance  during  the  early  stages  of  new 
system  development. 
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ABSTRACT 


An  investigation  to  determine  a  sensible  design  weight  for 
a  lightweight  howitzer  was  undertaken.  After  choosing  7,000  lb 
as  a  design  goal,  the  study  undertook  to  ascertain  the 
feasibility  of  such  a  system  while  attempting  to  maintain  a 
155-mm  gun  range  and  lethality. 

Details  of  the  estimated  weight  savings  attributable  to 
composite  replacement  parts,  incorporation  of  a  soft  recoil 
system,  and  restriction  of  the  maximum  charge  to  the  M119A2  are 
presented  to  demonstrate  the  possibility  of  a  7,000-lb 
(3,175  kg),  lightweight  155-mm  howitzer.  The  results  showed  that 
a  7,000-lb  towed  howitzer  is  possible  using  available 
technologies .  While  such  a  weapon  would  not  have  a  range 
capability  equivalent  to  the  current  M198  155-mm  system,  it  would 
bring  an  upgraded  firepower  capability  to  the  light  maneuver 
forces,  which  presently  use  105-mm  artillery,  and  increase  their 
current  engagement  range  capability. 
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1 . 0  INTRODUCTION 

The  roles  of  field  artillery  on  the  battlefield  include 
providing  a  deep-strike  capability,  allowing  for  fire  in  all  weather 
and  terrain,  and  having  the  ability  to  mass  fires  without  moving  the 
weapon  platforms .  An  important  requirement  for  field  artillery  is 
that  it  must  be  at  least  as  mobile  as  the  unit  that  it  supports. 
Such  a  prerequisite  poses  a  dilemma  for  the  light  maneuver  forces, 
which  need  a  very  mobile  artillery  piece  and  typically  must 
sacrifice  both  range  and  lethality  in  the  interest  of  mobility. 
Recognition  of  this  difficulty  resulted  in  a  study  being  initiated 
to  determine  what  size  howitzer  was  most  beneficial  and  practical 
to  the  U.S.  Army  light  forces. 

Thus,  a  study  to  determine  the  feasibility  of  designing  a 
7,000-lb  (3,175  kg)  155-mm  towed  howitzer  was  undertaken.  The 
weight  limit  imposed  was  chosen  to  ensure  the  howitzer  was  liftable 
by  the  UH-60  Blackhawk  helicopter  and  make  it  towable  by  a  2.5  ton 
truck  over  rough  terrain.  It  was  hoped  that  the  weight  goal  of  the 
towed  howitzer  could  be  attained  while  maintaining  155-mm  firepower. 
The  primary  means  of  achieving  the  7,000-lb  goal  weight  were  to 
adopt  improved  recoil  techniques,  substitution  of  lightweight 
materials  for  various  components,  and  gun  barrel  designs  optimized 
to  the  in-bore  pressure  profile.  Alternate  means  of  weight 
reduction  such  as  shorter  gun  barrels  and  reduced  charge 
requirements  would  also  be  considered,  realizing  that  these  things 
could  adversely  affect  the  range  capability  of  the  155-mm  howitzer. 
The  details  of  these  tradeoffs  and  the  projected  performance  of  a 
very  lightweight  howitzer  are  presented  in  this  paper. 


2.0  SYSTEM  WEIGHT  SELECTION 

In  order  to  make  sound  decisions  on  the  desirable  features  of 
a  lightweight  155-mm  howitzer,  it  is  first  imperative  to  define 
"lightweight".  A  review  of  past  and  present  towed  howitzers  was 
made  to  determine  their  mass  and  vehicle  towing  requirements. 
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Table  1  provides  a  listing  of  various  towed  howitzers ,  their 
total  weight,  the  maximum  firing  range  of  both  nonassisted  and 
rocket-assisted  (RA)  projectiles,  and  the  size  vehicle  typically 
used  to  transport  the  weapon  system  on  the  ground  [1].  The  105-mm 
M119,  the  replacement  howitzer  for  the  M102,  is  currently  in  service 
and  available  to  the  light  forces.  It  provides  a  very  light  system 
but  lacks  the  firepower  and  lethality  of  the  155-mm  M198  system. 

Table  1.  U.S.  Army  Howitzers  -  Characteristics  and  Performance 


Howitzer 

Caliber 

(mm) 

Weight 

(lb) 

Tow 

Vehicle 

(Truck) 

Range 

Nonrocket 

Assist 

Rocket 

Assist 

M102 

105 

3,300 

2.5  ton 

11,500  m 

15,100  m 

M119 

105 

4,100 

2.5  ton 

14,000  m 

20,100  m 

M114 

155 

12,800 

5  ton 

14,600  m 

19,300  m 

M198 

155 

15,800 

5  ton 

22,000  m 

30,300  m 

To  be  of  benefit  to  the  light  force  community,  a  lightweight 
howitzer,  in  155-mm  caliber,  must  be  transportable  by  the  UH-60,  or 
Blackhawk,  utility  helicopter.  It  is  the  Army's  most  frequently 
employed  rotary-wing  aircraft  for  delivering  cargo  and  equipment  and 
is  capable  of  lifting  8,000  lb  (3,629  kg)  via  sling  [2]. 

Another  consideration  in  the  selection  of  the  howitzer  design 
weight  is  the  preference  that  the  system  be  towable  by  a  2.5-ton 
truck.  A  2.5-ton  truck  is  Capable  of  towing  up  to  10,000  lb  (4,535 
kg)  on  paved  roadways  but  is  limited  to  a  load  of  6,000  lb  (2721  kg) 
for  cross-country  conditions  [3].  Ideally,  a  155-mm  system  weighing 
6,000  to  7,000  lb  would  be  desirable  to  allow  for  off-road 
transport . 

Based  on  this  transportation  information,  a  7,000-lb  (3,175  kg) 
design  goal  weight  was  chosen.  At  this  weight  plateau,  the 
lightweight  155-inm  may  be  lifted  by  a  Blackhawk  helicopter  and  also 
be  towed  off-road  by  a  2.5  ton  truck  in  all  except  the  most  extreme 
conditions.  These  facts  make  such  a  system  beneficial  to  the  light 
forces.  The  tradeoffs  required  to  reach  this  goal  weight  are 
detailed  in  the  following  sections. 


3.0  LIGHTWEIGHT  MATERIAL  SUBSTITUTION  OF  COMPONENT  PARTS 

Several  previous  investigations  attempting  to  reduce  the  weight 
of  specific  component  parts  in  towed  howitzer  systems  have  been 
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conducted.  The  U.S.  Army  Materials  Technology  Laboratory  (MTL)^ 
studied  the  effects  of  optimizing  the  weight  of  the  M198  trails  [4]. 
In  the  MTL  study,  the  trails  were  designed  as  tapered  box  beams, 
with  a  length  of  110  in  (2.8  m) ,  and  were  able  to  withstand  the 
shear  and  bending  loads  imposed  by  a  cookoff  loading  condition.  The 
analytic  investigation  resulted  in  the  lightest  trail  weight  design 
using  steel,  aluminum,  and  several  different  composite  materials. 
The  resulting  design  weights  are  summarized  in  Table  2. 

Table  2.  Trail  Weight  for  a  155-mm  Lightweight  Towed  Howitzer 


Material  System 

Trail  Weight  (lbs /kg) 

High  Strength  Steel 

518/235 

High  Strength  Aluminum 

362/164 

Glass-Fiber-Reinforced  Epoxy 

185/84 

Graphite-Fiber-Reinforced  Epoxy 

114/52 

Combination  of 

Graphite-Fiber-Reinforced  Epoxy 
and  Kevlar-Fiber-Reinforced  Epoxy 

106/48 

The  weights  predicted  in  this  study  are  much  lower  than  the 
present  weight,  927  lb  (420  kg),  of  the  M198  trails.  It  should  be 
noted  that  these  trails  were  only  designed  for  the  loads  associated 
with  firing  at  peak  pressure.  Issues  such  as  loads  due  to  towing 
and  durability  were  not  addressed.  Therefore,  the  trail  weights  for 
a  fielded  system  may  be  higher  than  those  shown  in  Table  2.  However, 
it  is  significant  to  note  the  lightest  composite  design  shows  an  80% 
weight  savings  over  the  steel  system  and  a  70%  weight  savings  over 
an  aluminum  system. 

In  a  separate  project,  the  U.S.  Army  Armament  Research, 
Development,  and  Engineering  Center  (ARDEC)  performed  a  paper  study 
on  how  to  reduce  the  weight  of  specific  component  parts  on  the  M198 
howitzer  by  replacing  steel  with  either  titanium,  boron-fiber- 
reinforced  aluminum,  or  graphite-fiber-reinforced  epoxy.  A  Pro 
Engineer  computer-aided  design  model  [5]  of  the  M198  was  constructed 
to  evaluate  each  component  for  possible  weight  reduction.  Table  3 
lists  the  reduced  weights  for  the  various  parts.  This  effort  shows 
the  system  component  weight  may  be  reduced  20%,  for  a  weight  savings 
of  3,288  lb  (1,491  kg). 

However,  this  study  was  limited  in  scope  in  that  it  only 
examined  modifications  to  the  existing  M198  weapon  platform  and  did 
not  consider  changes  to  the  recoil  components  which  account  for  45% 


^  The  Materials  Technology  Laboratory  (MTL)  has  since  been 
reorganized  as  the  Materials  Directorate  of  the  U.S.  Army  Research 
Laboratory. 
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Table  3.  Weight  Reduction  of  the  M198  Howitzer  Components 


Components 
(#  of) 

Current 
Weight  (lb) 

Modified 
Weight  (lb) 

Total  Weight 
Savings  (lb) 

Factors  Affecting 
Future  Reductions 

Eguilibrator 

(2) 

128  each 
(steel) 

102  each 
(Titanium) 

52 

Height  of  the  Gun 

Speed  Shift 

104  (steel) 

68  (Ti) 

36 

Actuator 

47  (steel) 

31  (Ti) 

16 

Traversing 

Mechanism 

67  (Al  & 
steel) 

48  (Al  & 

Ti) 

19 

Friction 

Clutch 

47  (Al  & 
steel) 

34  (Al  & 

Ti) 

13 

VTheel/Axle 

Assembly 

1,283 

(steel) 

763 

(Boron/Al) 

520 

Weight  of  the  Gun 

Elevating 
Screws  ( 2 ) 

147  (steel) 

103  each 
(Ti) 

88 

Weight  of  the  Gun 

Spade  ( 2 ) 

178  (steel) 

55  each 
(Boron/Al ) 

248 

Recoil  Force 

Cradle/ 

Ballistic 

Shield 

933 

(steel  & 
aluminum) 

706 

(Boron/Al  & 
Aluminum) 

227 

Recoil  Force 

Top  Carriage 
Weldment 

850  (Al  & 
steel) 

560  (Al  & 
Carbon/Ep) 

290 

Recoil  Force 

Top  Carriage 
Parts 

61  (steel) 

34  (steel) 

27 

Recoil  Force 

Bottom 

Carriage 

Weldment 

1,477 

(steel) 

538 

(Boron/Al) 

939 

Recoil  Force 

Trail 

Weldments  (2) 

927 

(Aluminum) 

627  each 
(Carbon/Ep) 

600 

Recoil  Force 

Other  Misc. 
Parts 

477 

(steel) 

264  (Ti  & 
Boron/Al 

213 

Some  Dependent 
on  Recoil  Force 

Total 

8,108 

4,820 

3,288 

of  the  system's  total  weight.  Also,  the  effects  of  changing  the 
howitzer's  center  of  gravity  as  a  result  of  material  substitution 
were  neglected.  Any  change  in  these  areas  reguires  alteration  of 
the  entire  gun  structure. 

4.0  LIGHTWEIGHT  7,000-LB  HOWITZER  STUDY 

The  M198,  a  155-mm  towed  howitzer,  was  taken  as  the  baseline 
system  for  this  study.  The  study  procedure  was  to  implement  changes 
to  the  M198  in  an  attempt  to  reach  the  7,000-lb  goal  weight. 
Incorporating  the  findings  of  the  previous  ARDEC  and  MTL  studies  on 
the  substitution  of  lightweight  materials  for  Ml 9 8  components  was 
a  logical  first  step.  As  reported  in  a  preceding  section,  a  25% 
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decrease  in  mass  from  the  baseline  M198  system  was  deemed  possible 
through  the  use  of  composite  materials  and  lightweight  metals, 
resulting  in  a  12,000-lb  (5,443  kg)  "M198-equivalent"  howitzer. 

Other  weight  saving  changes  were  investigated  and  adopted  where 
prudent  in  an  attempt  to  meet  the  7,000-lb  goal  weight.  Barrel 
weight  calculations  based  on  estimated  fatigue  life  were  made  to 
eliminate  parasitic  mass  from  the  cannon  tube  design.  The  effect 
of  reducing  the  maximum  cannon  breech  operating  pressure  was  also 
examined  as  a  means  of  facilitating  the  reduction  of  barrel  weight. 
A  number  of  techniques  to  improve  the  recoil  capacity  of  the 
howitzer  were  considered,  and  soft  recoil  was  chosen  for  application 
on  the  new  lightweight  howitzer.  Geometry  changes  affecting  the 
howitzer  trails,  recoil  cylinder  length,  and  trunnion  height  were 
other  aspects  explored  in  the  study  in  an  attempt  to  reduce  weight. 
Finally,  tradeoffs  of  barrel  length  versus  range  were  made  to  allow 
for  even  further  reduction  of  the  system  weight.  The  subsequent 
sections  detail  the  specifics  of  what  was  considered  for  each  weight 
savings  measure  and  quantify  the  projected  mass  reduction. 


4.1  BARREL  WEIGHT  REDUCTION 

The  M198  towed  howitzer  uses  the  M199  gun  barrel.  The  barrel 
weighs  3,850  lb  (1,742  kg)  [6]  and  is  designed  for  11,000  fatigue 
cycles  [7]  and  2,500  cycles  in  wear  [8].  One  reason  the  barrel  has 
a  fatigue  life  more  than  four  times  its  wear  life  is  that  the  recoil 
system  of  the  M198  requires  a  large  mass  for  the  recoiling  parts  as 
a  means  of  absorbing  the  recoil  energy.  Thus,  substantial 
reductions  in  overall  system  weight  are  achievable  by  designing  a 
155-mm  barrel  with  a  reduced  fatigue  life. 

The  approach  taken  here  is  to  determine  the  optimum  barrel 
design  for  a  specific  fatigue  life.  Since  the  pressure  due  to 
firing  a  projectile  decreases  along  the  length  of  the  gun  barrel, 
the  gun  barrel  should  have  a  tapered  form  to  match  the  pressure 
profile.  Pressure  profiles  were  generated  for  several  charges  of 
interest  for  155-mm  howitzers  using  the  IBHVG2  computer  code  [9]. 
From  these  curves,  it  was  determined  that  the  M203A1,  a  zone  8s 
charge,  produced  the  maximum  pressure  of  all  the  charges  with  a 
value  of  63.3  ksi  (437  MPa).  The  resulting  pressure  from  the  M203A1 
was  greater  than  the  pressure  of  the  five-increment  Modular 
Artillery  Charge  System  (MACS)  along  the  entire  length  of  the 
barrel.  Figure  1  shows  a  comparison  the  two  pressure  profiles. 

To  investigate  the  effects  of  a  reduced  pressure  on  the  weight 
of  a  barrel,  a  second  family  of  charges  was  considered.  Figure  1 
also  shows  the  pressure  profiles  generated  by  the  M119A2,  a  zone  7 
charge,  and  a  four-increment  MACS.  Note  that  the  pressure  due  to 
the  M119A2  charge  is  initially  greater  than  the  four-increment  MACS 
at  the  chamber  during  shot  start  but  subsequently  drops  below  it 
near  muzzle  exit.  The  compilation  curve  shown  on  Figure  1  was 
generated  to  represent  a  barrel  design  capable  of  firing  both 
charges . 
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Figure  1.  Pressures  produced  along  the  barrel  length  by 
various  charges  with  a  95-lb  projectile 

The  stress  state  on  the  inner  surface  of  a  gun  barrel  with  a 
small  crack  will  depend  on  the  applied  pressure  profile,  crack  size, 
the  ratio  of  the  outer  barrel  radius  to  the  inner  radius,  and  the 
residual  stress  due  to  autofrettage  of  the  barrel.  The  tensile  hoop 
stress,  Sp,  at  the  inner  radius  of  a  pressurized  cylinder  in  the 
region  of  a  stress  concentration  can  be  expressed  as 

(1) 


V  -P 


{2k^-l)  P/2+1 


I  I  I  I  I  I  I  r* 


■\ 


^  M  MM  Nlll  M«  I  IIMN<  M 


Ml  M I  Ml  HMIM  UM  NM 1 1 


1— •  -M203A1  Proof  Pressure 
-B--5  Increment  MAC 
-^M119A2  Proof  Pressure 
—A— 4  Increment  MAC 
-A- -Compilation  Pressure 


where  P  is  the  applied  radial  pressure,  kt  is  the  local  stress 
concentration  factor,  and  W  is  the  ratio  of  the  outer  to  inner 
radius  of  the  gun  barrel  [10].  It  should  be  noted  that  if  the  local 
stress  concentration  is  equal  to  1.0,  equation  1  reduces  to  the 
Lame'  stress  for  the  inner  radius  of  a  thick  cylinder  subject  to 
internal  pressure.  The  maximum  residual  stress  due  to  autofrettage, 
Sr,  of  the  gun  barrel  is  expressed  as 


Sjj 


1-ln  W\ 


2W^ 

W^-1. 


(if  Sj,^Sy) 


(2a) 


and 


Sy  (^^  * 


(2b) 


where  Sy  is  the  material  yield  strength,  which  represents  the 
maximum  possible  residual  stress  due  to  autofrettage. 

The  effective  stress  at  a  crack  in  the  inner  radius  of  an 
internally  pressurized,  autofrettaged  cylinder  can  be  expressed  as 

^eff~  '  (3) 


where  is  the  effective  stress  at  the  crack.  Knowing  the  stress 
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State  at  the  inner  radius,  the  fatigue  crack  growth  rate  can  be 
calculated  based  on  the  Paris  law  [11]  [12],  which  states  the  rate 
of  fatigue  crack  growth  is  proportional  to  the  range  of  stress 
intensity  factors  at  the  crack  tip.  Expressed  quantitatively  [13], 

-^=A(AJ0'"  ,  (4) 
dN 

where  Da/dN  is  the  crack  growth  rate,  AK  is  the  stress  intensity 
factor  range  (AK=K„ax-Kmin)  ^  ^^d  A  and  m  are  material  constants 
determined  experimentally.  The  stress  intensity  factor,  K,  is 
proportional  to  the  applied  global  stress  times  the  square  root  of 
the  crack  length  and  is  expressed  mathematically  as 

K  =  Ya/a  ,  ( 5 ) 


where  Y  is  a  parameter  accounting  for  the  crack  geometry,  o  is  the 
stress  applied  to  the  cracked  area,  and  a  is  the  crack  length  [14]. 


As  a  crack  grows  through  the  thickness  of  the  gun  tube,  its 
length  increases  an  amount,  da,  with  every  loading  cycle,  and  the 
stress  intensity  factor  increases  proportionally.  When  the  stress 
intensity  factor  reaches  a  critical  value,  the  plane  strain  fracture 
toughness,  Kjc,  the  material  fails  catastrophically  [13].  The  crack 
length  at  K^c  is  the  critical  crack  length,  a^,  expressed  as 


Sc  = 


ic 


\2 


Y*a 


max/ 


(6) 


where  is  the  maximum  applied  stress. 


The  fatigue  life  for  the  material  can  then  be  calculated  by 
integrating  equation  4  with  respect  to  the  flaw  size,  a,  and  the 
number  of  cycles,  N.  The  limits  of  integration  on  the  flaw  size  are 
the  starting  flaw  size,  ao,  and  the  final  flaw  size,  a^.  The  limits 
of  integration  on  the  number  of  cycles  are  the  initial  number  of 
fatigue  cycles,  N^,  and  the  final  number  of  fatigue  cycles,  Nf.  If 
the  initial  number  of  cycles  is  zero,  then  the  number  of  cycles  to 
failure  can  be  expressed  as  follows  [14]: 


N,  = 


2 _ 

{m-2)  *A*Y”'a^ 


(7) 


Equation  7  can  be  used  to  predict  the  number  of  cycles  to  failure 
(CTF)  for  a  barrel  if  the  applied  stresses,  the  starting  flaw  size, 
the  geometric  shape  parameter  for  the  flaw,  and  the  various  material 
pareimeters  are  known.  Equation  7  can  be  solved  for  the  stress- 
state,  a,  to  produce  a  given  fatigue,  Nj,  and  may  be  rewritten  as 


2 

1 

1 

\ 
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For  a  gun  barrel  with  a  crack  in  the  inner  surface,  the  stress 
state,  o,  can  be  set  equal  to  S^ff  from  equation  3.  Thus,  a 
relationship  is  established  between  the  ratio  of  the  outer  radius 
to  the  inner  radius,  W,  and  the  fatigue  life,  Nf.  A  computer 
program  was  written  to  solve  for  the  minimum  ratio  of  the  outer  to 
inner  radius  to  produce  a  given  fatigue  life  along  the  pressure 
curves  shown  in  Figure  1 .  The  fatigue  life  constants  used  in  the 
analysis  were  taken  from  other  studies  on  gun  tube  steels  [10] [15]. 
The  initial  flaw  size  was  chosen  as  0.051  inch  (1.3  mm),  which  is 
a  typical  size  flaw  due  to  heat  checking  in  gun  barrels  [10]. 

The  weights  of  gun  barrels  having  fatigue  lives  ranging  from 
100  to  100,000  cycles  were  calculated  for  the  M203A1  and  the  M119A2 
charges.  The  results  are  shown  graphically  in  Figure  2,  which  also 
depicts  the  weight  and  fatigue  life  for  existing  barrels.  The 
Vickers  Shipbuilding  and  Engineering  Limited  (VSEL)  and  Royal 
Ordnance  barrels  are  for  9,000-lb  (4,082  kg)  howitzer  systems  they 
are  currently  developing.  Notice  that  although  these  two  barrels, 
plus  the  M284  and  M199  barrels,  were  all  designed  for  the  M203A1 
charge,  their  weights  are  greater  than  those  predicted  by  the 
fatigue  calculation.  This  is  likely  due  to  a  factor  of  safety 
margin  being  incorporated  into  the  barrel  design.  Since  the 
predictions  in  this  report  are  based  on  theoretical  equations,  which 
are  based  on  a  50%  failure  criteria,  corrections  are  needed  to 
predict  a  reliable  design.  To  provide  a  margin  of  safety,  the 
results  were  normalized  to  the  weight  of  the  VSEL  barrel  design. 
Figure  3  shows  a  plot  of  these  normalized  results.  Notice  that  the 
M199  barrel  weight  falls  on  the  revised  curve,  indicating  this 
modification  to  the  calculated  data  provides  a  reasonable  safety 
factor. 
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Figure  2.  Calculated  barrel 
weights  for  a  fixed  fatigue  life 


Figure  3.  Barrel  weight  data 
normalized  to  VSEL  design 
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4 . 2  SOFT  RECOIL 

Adoption  of  an  improved  recoil  system  was  another  area 
investigated  in  an  attempt  to  achieve  the  desired  system  weight  of 
the  towed  howitzer.  The  term  soft  recoil  is  used  as  a  designation 
for  the  process  of  imparting  forward  momentum  to  the  recoil  mass, 
prior  to  firing  the  gun,  to  subsequently  reduce  the  rearward  recoil 
impulse,  which  must  be  dissipated  by  the  recoil  system. 

The  reajrward  impulse  is  a  reaction  to  the  forward  acceleration 
of  the  projectile,  propellant,  and  propellant  combustion  gases  and 
must  be  dissipated  and  controlled  to  maintain  weapon  stability  and 
structural  integrity  of  the  weapon  system.  A  standard  technique  for 
dissipating  the  rearward  momentum  of  a  howitzer  uses  hydropneumatic 
recoil  and  recuperator  systems,  which  allow  some  part  of  the  weapon 
system  to  move  rearward  against  a  resistive  force,  thus  producing 
relatively  long  duration  but  a  lower  reactionary  force  load.  This 
permits  the  weapon  to  remain  at  its  firing  position  without  tipping 
over.  The  recuperator  acts  as  a  temporary  storage  device,  using 
some  of  the  energy  dissipated  in  the  recoil  operation  to  return  the 
recoiling  parts  forward  and  positioning  them  properly  for  the 
initiation  of  the  next  shot. 

While  a  hydropneumatic  recoil  system  acts  to  control  the 
rearward  momentum  imparted  to  the  recoiling  parts,  it  does  not 
reduce  the  magnitude  of  the  rearward  impulse.  One  common  method 
used  to  reduce  the  rearward  impulse  imparted  to  the  recoiling  parts 
is  the  addition  of  a  muzzle  brake  to  the  cannon.  The  muzzle  brake 
uses  the  energy  of  the  expelling  combustion  gases  to  impart  a 
forward-acting  impulse  on  the  gun  tube  to  reduce  the  net  rearward 
impulse,  which  must  be  dissipated  by  the  recoil  system.  Practical 
muzzle  brakes  use  0.7  to  1.0  times  the  momentum  of  the  combustion 
gases  to  provide  a  forward-acting  impulse  on  the  recoiling  parts . 
Theoretically,  even  more  efficient  muzzle  brakes  could  be  utilized. 
However,  the  forward  impulse  produced  by  a  muzzle  brake  comes  at  the 
penalty  of  blast  overpressure  at  the  muzzle. 

Soft  recoil,  by  imparting  forward-acting  momentum  to  the 
recoiling  parts,  also  reduces  the  net  rearward  impulse,  which  must 
be  dissipated  by  the  recoil  system.  The  magnitude  of  the  forward¬ 
acting  impulse  that  can  be  applied  has  two  major  constraints.  First, 
it  cannot  be  more  than  the  rearward  impulse  resulting  from  the  round 
being  fired  in  order  to  properly  cycle  the  weapon.  More 
importantly,  the  second  constraint  limits  the  amount  of  energy 
available  for  imparting  the  forward  impulse,  for  as  the  magnitude 
of  this  stored  energy  increases,  the  required  strength  and  size  of 
the  system  components  increase,  which  is  counterproductive  to  the 
concept  of  a  reduced  weight  weapon  system. 

Typical  impulses  for  various  155 -mm  howitzer  charges  firing  a 
95.0-lb  (43.1  kg)  projectile  are  given  in  Table  4.  These  values 
come  from  previous  work  done  in  examining  range-versus-weight 
tradeoffs  of  a  155-mm  towed  howitzer  [16].  The  impulses  are  broken 
down  into  various  components.  is  the  impulse  due  to  the 
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Table  4.  155-inm  Charge  Impulse  Values 


Charge-Type 

li 

(kN*s) 

[lb*s] 

^9 

(kN*s) 

[Ib-s] 

It 

(kll*s) 

[lb*s] 

I 

(kN*s) 

[ lb • s ] 

M203A1 

40.76 

[9,174] 

14.13 

[3,180] 

54.89 

[12,354] 

45.00 

[10,128] 

M119 

32.81 

[7,384] 

9.99 

[2,249] 

42.80 

[9,633] 

35.81 

[8,059] 

M4A2 
(zone  7) 

25.77 

[5,800] 

6.10 

[1,373] 

31.87 

[7,173] 

27.60 

[6,212] 

M4A2 
(zone  3) 

12.11 

[2,725] 

1.54 

[347] 

13.65 

[3,072] 

12.57 

[2,830] 

acceleration  of  the  projectile  and  propellant  in-bore.  I„  is  the 
impulse  due  to  expelling  combustion  gases  after  the  projectile  exits 
the  muzzle.  I^,  the  total  impulse,  equals  the  sum  of  and  1^, 
while  I,  the  net  rearward  impulse,  equals  -0.7  (Ig),  where  0.7  is 
the  muzzle  brake  efficiency. 

Table  4  shows  a  wide  range  of  values  for  the  total  impulse 
depending  on  the  charge  and  zone  fired.  In  order  to  facilitate  the 
use  of  soft  recoil  over  this  range  in  a  practical  application,  it 
is  necessary  to  include  some  compromises.  If,  for  example,  the 
recoil  system  is  designed  to  allow  low-impulse  rounds  such  as  the 
M4A2,  zone  3  to  be  fired  without  using  the  soft  recoil  technique, 
the  forward  momentum  imparted  via  a  soft  recoil  system  could  be 
increased  to  accommodate  charges  such  as  the  M203A1  and  M119,  which 
produce  higher  recoil  impulses .  This  compromise  alleviates  the 
first  system  constraint  discussed  previously  by  maximizing  the 
forward  impulse  of  the  soft  recoil  stroke  for  high-impulse  firings 
while  ensuring  sufficient  energy  is  available  to  return  the  barrel 
to  the  battery  position  at  lower  impulse  firings. 

However,  because  of  the  second  constraint,  it  is  also  necessary 
to  limit  the  forward  impulse  from  the  soft  recoil  to  reduce  the 
cunount  of  stored  energy  required  to  impart  the  momentum  to  the 
recoiling  parts.  For  a  hydropneumatic  system,  this  keeps  the  weight 
down,  as  well  as  reduces  potential  safety  and  operating  problems 
associated  with  a  weapon  having  highly  loaded  activation  devices 
such  as  springs  or  pressure  cylinders. 

For  a  155-mm  howitzer,  a  forward  impulse  of  10.2  kN*sec 
(2,300  lb*sec),  or  about  20%  of  the  high-impulse  M203A1  charge, 
seems  appropriate.  This  reduction  in  impulse  combined  with  the 
forward  impulse  contribution  from  the  muzzle  brake  yields  net 
impulses  for  dissipation  by  the  recoil  system.  These  resultant 
impulses  are  7,828  lb*s  (34.8  kN‘S)  and  5,759  lb‘S  (25.6  kN*s)  for 
the  M203A1  and  M119  charges,  respectively. 
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4.3  GEOMETRY  CHANGES 

The  recoiling  mass  of  the  M198  howitzer  is  7,000  lb  (3,175  kg), 
divided  between  the  M45  recoil  system  (2,150  lb,  975  kg)  and  the 
M199  cannon  assembly  (4,850  lb,  2,200  kg)  [17].  The  M199  barrel 
weighs  3,840  lb  (1,742  kg),  with  a  muzzle  break  weight  of  250  lb 
(113  kg),  and  a  breech  weight  of  760  lb  (345  kg)  [6]. 

The  recoil  force  is  calculated  as 


where  Fj.  denotes  the  recoil  force,  I  is  the  impulse  imparted  by  the 
cannon  to  the  system,  m^  is  the  mass  of  the  recoiling  parts,  and  Lr 
is  the  length  of  the  recoil  stroke  [16]. 

The  maximum  recoil  stroke  length  of  the  M198  is  72  in  (1.83  m) . 
The  maximum  ballistic  impulse  is  10,128  lb*s  (45  kN*s)  for  an  M198, 
equipped  with  a  muzzle  break,  firing  the  M203A1  charge  [16]. 
Substitution  of  these  values  into  equation  9  yields  a  recoil  force 
of  39,321  lb  (175  kN).  This  represents  the  maximum  force  that  must 
be  absorbed  during  the  recoil  cycle  of  the  M198  with  its  current 
recoil  system,  the  M45. 

Benet  Laboratories  estimated  that  an  improved  hydropneumatic 
recoil  system  could  be  designed,  resulting  in  a  1,750-lb  (794  kg) 
recoil  mechanism  [16].  The  mass  estimate  for  the  barrel  based  on 
the  fatigue  analysis  of  section  1.2  is  2,800  lb  (1,270  kg),  allowing 
for  a  cannon  with  2,500  CTF,  which  is  equivalent  to  the  wear 
criterion  in  place  for  both  the  M199  and  M284  barrels  [8].  Royal 
Ordnance  has  shown  a  weight  savings  of  100  lb  (45  kg)  can  be 
attained  by  substituting  titanium  for  the  steel  when  fabricating  the 
muzzle  brake.  The  sum  of  the  recoiling  components  for  this  system 
is  listed  in  Table  5  as  Variation  A.  A  similar  listing  of  the  M198 
baseline  is  provided  for  the  sake  of  comparison. 

The  adoption  of  a  soft  recoil  system  similar  to  that  detailed 
in  the  previous  section  allows  for  a  2, 300-lb 'S  (10.2  kN*s) 
reduction  in  the  impulse  imparted  to  the  gun  system.  Incorporating 
this  reduction  into  the  calculation  of  the  recoil  force,  equation  9 
produces  a  recoil  force  23%  less  than  that  of  the  M198.  Thus,  the 
M45  recoil  system  is  overdesigned  in  its  capability  to  handle  the 
recoil  requirements  of  the  Variation  A  howitzer  design. 

An  assumption  was  made  at  this  point  that  there  is  a  linear 
relationship  between  the  recoil  length  and  the  weight  of  the  recoil 
mechanism.  It  was  also  assumed  that  the  decrease  in  the  recoil 
mechanism's  load-carrying  capacity  could  be  no  greater  than  the 
percent  decrease  in  the  recoil  length.  For  example,  based  on  these 
assumptions,  a  5%  reduction  in  the  recoil  stroke  would  result  in  a 
5%  reduction  in  the  mass  of  the  recoil  mechanism,  and  the  allowable 
recoil  force  would  be  95%  of  the  original  system's. 
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Table  5.  Mass  Tradeoff  Summary  of  Cannon  and  Recoil  Assemblies 


Barrel 

Wgt 

(lb) 

Muzzle 
Brake , 
Breech 
(lb) 

Cannon 

Assemb 

(lb) 

Recoil 

Mech 

(lb) 

Total 

Recoil 

Wgt 

(lb) 

Recoil 

Force 

(lb) 

Recoil 

Length 

(ft) 

Baseli 

ne  M198,  155-mm,  towed  howitzer 

Ml  9  8 

3,840 

1,010 

4,850 

2,150 

7,000 

39,321 

6.0 

Reduced  barrel  weight  (2,500  cycles  to  failure),  soft  i 
(SR),  &  lightweight  recoil  mechanism  and  muzzle  brake 

ecoil 

A 

2,800 

910 

3,710 

1,750 

5,460 

30,115 

6.0 

I  11%  Reduction  of  recoil  stroke  length  &  mechanism  mass,  SR 

rrn 

2,800 

910 

3,710 

1,558 

5,268 

35,070 

5.34 

2,500  CTF  Barrel,  M119A2  Maximum  Charge,  soft  recoil  || 

1,700 

910 

2,610 

1,750 

4,360 

20,412 

6.0 

20%  Reduction  of  recoil  stroke  length  &  mechanism  mass,  SR  || 

rr- 

1,700 

910 

2,610 

1,400 

4,010 

27,742 

4.8 

29  Caliber,  Soft  Recoil  11 

E 

1,520 

910 

2,430 

1,400 

3,830 

29,046 

4.8 

Employing  these  assumptions  led  to  Variation  B  of  the  howitzer 
study,  which  assumed  an  11%  reduction  in  recoil^  stroke  with  a 
corresponding  mass  reduction  of  the  recoil  mechanism.  The  input 
values  for  equation  9  are  listed  in  Table  5  along  with  the 
calculated  recoil  force.  A  comparison  of  this  calculated  recoil 
force  to  the  M198  baseline  shows  it  to  be  11%  less,  nearly 
equivalent  to  the  assumed  reduction  in  stroke  length.  This 
equivalence  signifies  that  further  shortening  of  the  recoil  system 
would  yield  recoil  forces  in  excess  of  its  load  carrying  capability. 

The  result  of  these  calculations  was  a  system  whose  recoiling 
mass  was  5,268  lb  (2,390  kg).  Adding  this  to  the  weight  of  the 
lightweight  components  from  the  ARDEC  study  given  in  section  3.0 
results  in  a  howitzer  weighing  approximately  10,000  lb  (4,536  kg). 
Although  other  weight  reduction  techniques  were  considered,  it 
became  apparent  that  the  7,000-lb  goal  weight  was  not  attainable 
while  maintaining  Ml98-equivalent  performance. 

Achieving  significant  decreases  in  the  weight  of  the  howitzer 
required  that  more  drastic  steps  be  taken.  Thus,  the  decision  was 
made  to  pursue  a  reduced  system  weight  by  backing  off  the  high- 
impulse  M203A1  charge.  It  was  recognized  that  such  an  approach 
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would  decrease  the  range  capability  of  the  system;  however,  it  was 
deemed  the  most  practical  way  of  attaining  the  desired  goal  weight. 

The  M119A2  was  selected  to  be  the  maximum  allowable  charge 
considered.  The  M119A2  produces  an  impulse  of  8,059  lb*s 
(35.8  kN*s)  when  fired  from  the  M198  with  a  muzzle  brake  having  an 
efficiency  of  0.7  [16].  Adding  in  a  soft  recoil  capability 
equivalent  to  that  assumed  previously  results  in  a  system  impulse 
of  5,759  lb*s  (25.6  kN*s).  Reducing  the  charge  allows  for  a  less 
massive  barrel,  with  the  weight  of  1,700  lb  (725  kg)  (taken  from 
Figure  3)  for  a  fatigue  life  of  2,500  cycles.  The  input  pareuneters 
for  this  4,360-lb  (1977  kg)  recoil  system  are  listed  as  Variation  C 
in  Table  5  along  with  the  calculated  recoil  force.  The  recoil  force 
is  well  below  the  load-carrying  capacity  of  the  M45  system  due  to 
the  ballistic  impulse  being  only  about  half  that  of  the  M198  with 
the  M203A1.  This  system  then  requires  a  much  shorter  recoil  stroke 
and  makes  it  possible  to  shorten  the  recoil  mechanism  components 
considerably.  Reducing  the  recoil  length  by  20%  provides^  a 
corresponding  decrease  in  the  mass  (based  on  the  earlier 
assumptions).  This  variation,  D  in  Table  5,  has  a  shortened  recoil 
mechanism  with  a  weight  of  1,400  lb  (635  kg)  and  a  recoil  force  only 
76%  that  of  the  M198  baseline. 

A  recoil  mechanism  having  a  1,400-lb  mass  represents  a 
significant  reduction  from  the  M45  recoil  mechanism  used  on  the 
M198.  The  M45  weighs  2,150  lb  (975  kg),  and  its  principal 
assemblies  are  tabulated  in  Table  6  [17].  Table  6  also  provides  the 
mass  of  various  components  which  make  up  the  M45  [18].  This  is  an 
average  value  obtained  by  weighing  seven  different  disassembled 
M198s.  Note  that  the  sum  of  the  component  masses  is  140  lb  (63.5 
kg)  shy  of  the  2,150-lb  (975  kg)  mass  quoted  for  the  M45.  The 
shortfall  results  from  not  having  a  mass  value  for  the  sleeve 
bearing  assembly,  plus  the  mass  associated  with  some  smaller 
components  is  not  listed.  A  recoil  system  with  a  20%  reduction  in 
stroke  length  would  allow  for  shorter  rails,  recoil  cylinder 
assemblies,  and  recuperator  cylinder  assembly.  Applying  a 
comparable  20%  mass  savings  to  these  components  yields  a  195-lb 
(88.4  kg)  weight  savings.  The  counterweight  can  be  eliminated, 
netting  an  additional  454  lb  (210  kg)  for  a  total  savings  of  649  lb 
(294  kg).  The  effect  of  eliminating  the  counterweight  on  the  weapon 
systems  stability  is  addressed  in  the  next  section. 

Additionally,  the  three  yoke  assemblies  are  steel  and  have  a 
combined  mass  of  466.3  lb  (211.5  kg).  Titanium's  density,  0.16 
Ib/in^  is  43%  less  than  steel's,  0.283  lb/in\  Direct  material 
substitution  of  titanium  for  steel  nets  an  additional  mass  savings 
of  202.6  lb  (92  kg).  Direct  substitution  of  materials  is  probably 
somewhat  unrealistic  since  a  titanium  component  would  likely  need 
to  be  larger  to  provide  the  Scune  load-carrying  capability.  However, 
since  the  lightweight  system  will  have  a  lower  ballistic  impulse  due 
to  restricting  the  system  to  the  less  severe  M119A2  charge  and 
incorporation  of  a  soft  recoil  system,  the  components  will  be 
required  to  carry  a  reduced  load.  Therefore,  the  estimate  provided 
by  direct  material  substitution  is  deemed  reasonable.  This  savings. 
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Table  6.  M45  Recoil  Mechanism  Component  Mass 


M45  Recoil 
Mechanism  Component 

Component  Weight 
(lb) 

Modified  Component 
Weight  (lb) 

Recuperator 
Cylinder  Assembly 

470 

376 

(20%  leng.  reduction) 

Recoil  Cylinder 
Assembly  (2) 

271.6 
(135.8  ea) 

217.3 

(20%  leng.  reduction) 

Replenisher 
Cylinder  Assembly 

43.6 

43.6 

Sleeve  Bearing 
Assembly 

Not  Available 

Not  Available 

Air  Cylinder 
Assembly 

70.5 

70.5 

Rear  Yoke 

238.8  (steel) 

135.0  (titanium) 

Middle  Yoke 

85.7  (steel) 

48.5  (titanium) 

Front  Yoke 

141.8  (steel) 

80.2  (titanium) 

Rails  (2) 

233.6 
(116.8  ea) 

186.9 

(20%  leng. reduction) 

Counterweight 

454.4 

0 

Totals 

2,010 

1,158 

plus  that  achieved  by  shortening  the  various  recoil  components 
produces  a  total  mass  850  lb  (385  kg)  less  than  the  M45/  resulting 
in  a  1,300-lb  (590  kg)  recoil  mechanism.  This  is  comparable  to  the 
1,400-lb  weight  cited  earlier  and  lends  some  credibility  to  that 
estimate. 

Even  with  this  much  lighter  recoil  mechanism,  the  total  recoil 
weight  stands  at  4,010  lb  (1,819  kg)  (Variation  D  in  Table  5).  This 
is  still  excessive  for  achieving  a  7,000-lb  system.  ^  The  next 
attempt  at  significantly  reducing  the  mass  of  the  recoiling  parts 
was  to  examine  the  feasibility  of  a  shorter  gun  barrel.  This 
represented  a  departure  from  the  39-caliber  systems  presently  used 
by  the  U.S.  Army.  Interior  ballistic  code  calculations  were  made 
using  IBHVG2  [9]  to  determine  at  what  length  of  travel  the  Mil 9 A2 
charge  completely  burns  out.  It  was  estimated  that  shortening  the 
cannon  length  to  29  calibers  would  provide  23  calibers  of  travel  and 
optimize  the  tube  length  to  the  burnout  rate  of  the  M119A2  charge. 
The  29-caliber  tube  reduces  the  cannon  weight  by  180  lb  (82  kg) 
getting  the  recoil  mass  down  to  3,830  lb  (1737  kg).  This  system  is 
reflected  in  Table  5  as  Variation  E. 

The  principal  means  of  reducing  the  recoil  was  adopting  a  soft 
recoil  system  to  lower  the  rearward  impulse  of  the  recoiling  parts. 
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This  allowed  the  length  of  the  recoil  stroke  to  be  shortened  and  for 
the  overall  system  weight  to  be  reduced.  However,  the  question 
arises,  is  such  a  soft  recoil  system  feasible?  To  determine  the 
plausibility  of  such  a  soft  recoil  system  design,  calculations  were 
made  based  on  soft  recoil  work  done  at  Rock  Island  Arsenal  (RIA) 
[19]. 


Equation  9  can  be  used  to  calculate  the  driving  force  needed 
to  impart  the  forward  impulse  of  the  soft  recoil  process.  It  is 
assumed  that  the  forward  travel  distance  is  one-third  of  the 
rearward  recoil  travel.  Based  on  Variation  E  in  Table  5,  the 
forward  travel  length  would  be  1.6  ft  (0.49  m) .  The  recoil  mass  is 
3,830  lb  (1,737  kg),  and  the  forward  impulse  was  earlier  assumed  to 
be  2,300  lb*s  (10.23  kN‘S).  Employing  these  values  in  equation  9 
produces  a  resultant  force  of  14,271  lb  (63.4  kN).  Using  RIA's 
estimates  for  fluid  and  frictional  losses  [19],  an  additional  force 
of  3,800  lb  (16.9  kN)  is  added  for  a  total  required  driving  force 
of  approximately  18,100  lb  (80.5  kN) .  Dual  3-in-dicuneter  (76.2  mm) 
hydraulic  cylinders  were  assumed,  and  calculations  were  made  using 
RIA  design  equations  to  ascertain  the  viability  of  this  sizing. 

The  resultant  load-carrying  capacity  of  the  dual  3-in  cylinders 
was  calculated  as  46,789  lb  (208  kN) .  The  actual  recoil  force 
anticipated  is  listed  in  Table  5  as  29,046  lb  (129.2  kN). 
Therefore,  the  recoil  system  will  operate  as  desired  under  normal 
operating  conditions.  The  details  of  firing  at  nonzero  elevation 
and  the  timing  of  round  ignition  to  optimize  the  forward  impulse  are 
beyond  the  scope  of  this  study.  However,  it  should  be  noted  that 
major  concerns  for  a  soft  recoil  system  are  the  malfunction 
conditions  that  occur  when  there  is  either  a  misfire,  and  no 
rearward  impulse  is  applied,  or  when  there  is  a  premature  fire,  so 
that  the  round  is  fired  from  the  latch  position  with  no  forward 
impulse  imparted.  Traditionally,  a  redundant  recoil  system  has  been 
required  to  safeguard  against  these  conditions.  This  approach  is 
costly  and  undermines  the  concept  of  a  lightweight  howitzer.  It  is 
imperative  that  any  secondary  backup  system  be  lightweight  to 
minimize  the  total  system  weight. 

To  protect  the  system  from  a  failure  during  firing  or  recoil, 
it  is  proposed  to  place  crushable  composite  tubes  both  fore  and  aft 
of  the  barrel  as  shown  in  Figure  4.  The  crush  tubes  behind  the 
breech  would  dissipate  the  recoil  energy  in  the  event  that  the  soft 
recoil  cycle  failed.  The  smaller  crush  tubes  forward  of  the  breech 
provide  a  means  of  absorbing  the  energy  due  to  the  forward  momentum 
of  the  gun  during  the  soft  recoil  cycle  in  the  event  of  a  misfire. 
A  U.S.  patent  has  been  applied  for  on  this  technology  [20].  In 
general,  the  purpose  of  a  crushable  tube  is  to  absorb  energy  through 
the  progressive  deformation  or  fracture  of  material.  This  process 
can  be  enhanced  and  controlled  through  the  use  of  composite 
materials  in  the  construction  of  the  crush  tube. 
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Figure  4.  Placement  of  crushable  composite  tubes  as  a 
secondary  backup  recoil  system 


Other  advanced  recoil  mitigation  techniques  were  considered  in 
an  attempt  to  further  improve  the  efficiency  of  the  recoil 
mechanism.  One  possible  advance  currently  being  researched  is  the 
use  of  electrorheological  (ER)  fluids,  which  can  be  used  to  increase 
the  viscosity  of  the  fluid  in  the  recoil  system  to  minimize  the 
recoil  force.  Likewise,  "smart"  recoil  systems,  which  apply  a 
variable  braking  force,  as  needed,  during  the  recoil  event,  are 
under  investigation  [21].  While  both  techniques  show  some  promise 
as  a  means  of  mitigating  recoil,  they  were  not  incorporated  into  the 
present  study  because  they  are  considered  to  be  immature 
technologies  at  the  present  time. 


4.4  BARREL  LENGTH  AND  CHARGE  TRADEOFFS 

In  order  to  entirely  burn  the  M119A2  charge  in-bore,  a  minimum 
travel  of  23  calibers  is  required.  This  results  in  a  cannon  tube 
having  a  total  length  of  29  calibers. 

The  tradeoff  of  going  to  a  2 9 -caliber  cannon,  of  course,  is  a 
reduction  in  the  system's  effective  range.  The  IBHVG2  code  was  used 
to  determine  the  muzzle  velocity  of  a  95-lb  (43.1  kg)  projectile 
fired  from  39-  and  29-caliber  155-inm  cannons  with  the  M119A2  charge. 

The  M119A2  charge,  in  the  39-caliber  M199  cannon,  will  fire  the 
95  lb  (43.1  kg)  M107  round,  with  a  muzzle  velocity  of  2,260  ft/s 
(689.0  m/s)  to  a  maximum  range  of  18,200  m.  The  muzzle  velocity  for 
the  M107  round  fired  with  the  M119A2  charge  from  a  29-caliber  barrel 
is  2,080  ft/s  (634.6  m/s),  resulting  in  a  maximum  range  of  16,700  m. 
The  reduction  in  muzzle  velocity  is  approximately  8%.  The  resulting 
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reduction  in  range  is  also  about  8%.  Range  calculations,  using 
muzzle  velocities  determined  from  IBHVG2,  were  made  using  the 
General  Trajectory  Model  (GTRAJ3),  which  is  based  on  firing  tables 
data  [8]. 

The  muzzle  velocities  for  various  charges  fired  in  the 
29-caliber  barrel  were  determined.  The  resulting  reduction  in 
muzzle  velocities  produced  about  a  7  to  9%  reduction  in  maximum 
range  for  the  various  round  types  exaunined.  Table  7  presents  the 
range  capabilities  of  the  105-mm  Ml  19,  a  155— mm  with  the  M199  barrel 
(39  caliber),  and  the  lightweight  155-mm  (29  caliber)  howitzers  for 
various  projectiles  and  charges .  Although  the  lightweight  155— mm 
howitzer's  reduced  charge  capability  (use  of  the  M119A2  charge 
instead  of  the  M203A1)  and  shorter  barrel  reduce  its  range 
performance  in  comparison  to  the  M198,  they  provide  an  approximately 
19%  percent  improvement  in  maximum  range  capability  over  the  105-mm 
M119  for  a  nonrocket-assisted  launch.  For  the  rocket-assisted  (RA) 
launch,  the  lightweight  155-mm  howitzer  has  an  8%  improvement  in 
range  versus  that  of  the  105mm.  The  lightweight  155-mm  howitzer  not 
only  provides  a  range  capability  superior  to  the  105-mm  M119,  but 
allows  for  the  carrying  of  substantially  greater  mass  and  volume  to 
increase  the  lethality  of  the  deliverable  payload. 

Table  7.  Range  Capability  Comparisons 


II  105-MM  Ml  19  HOWITZER 

ROUND 

CHARGE 

RANGE  (M) 

M913  (RA) 

M229 

20,100 

M760 

M200 

14,000 

M444 

M67  ZONE  7 

11,200 

155-MM  Ml 9 8  HOWITZER  (39  CALIBER  Ml 9 9  CANNON) 

ROUND 

CHARGE 

RANGE  (M) 

M549A1  (RA) 

M203A1 

30,300 

M549A1  (RA) 

M119A2 

23,700 

M483A1 

M119A2 

17,800  (air  burst) 

M107 

M119A2 

18,200 

155-MM  LIGHTWEIGHT  HOWITZER  (29  CALIBER) 

ROUND 

CHARGE 

RANGE  (M) 

M549A1  (RA) 

M119A2 

21,800 

M483A1 

M119A2 

16,300  (air  burst) 

M107 

M119A2 

16,700 
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One  concern  about  adopting  a  shorter  length  gun  barrel  is  the 
affect  of  the  blast  overpressure  exposure  on  the  crew.  To  address 
this  concern,  two  sets  of  overpressure  calculations  were  made  to 
determine  if  any  deleterious  effects  were  introduced  by  having  a 
29-caliber  barrel. 


First,  the  39  caliber,  M199  barrel,  used  on  the  M198,  firing 
the  M203A1  charge  was  investigated  to  provide  a  baseline  comparison. 
The  second  case  looked  at  a  29-caliber  gun  barrel  firing  the  M119A2 
charge,  the  top  zone  charge  for  the  proposed  lightweight  system. 
Both  cannons  were  assumed  to  employ  a  muzzle  break  with  an 
efficiency  of  0.7.  There  was  little  discernible  difference  between 
the  resulting  pressure  contours  for  the  two  systems.  However,  the 
muzzle  being  10  calibers  closer  to  the  crew  for  the  2 9 -caliber  gun 
subjects  the  crew  to  a  higher  sound  pressure.  The  calculations 
found  the  level  at  the  rear  of  the  29-caliber  gun  to  be  30  kPa  (4.35 
psi)  versus  22  kPa  (3.19  psi)  at  the  breech  of  the  39-caliber  gun. 

MIL-STD-1474D  sets  limits  on  the  maximum  permissible  impulse 
noise  for  an  open-air  firing  of  an  Army  system  [22].  To  apply  the 
standards,  it  is  necessary  to  convert  the  pressure  levels  to 
decibels.  The  sound  pressure  levels  of  the  39-  and  29-caliber 
barrels  convert  to  180.8  dB  and  184.1  dB,  respectively. 


Figure  5  plots  lines  W,  X,  Y,  and  Z  to  show  the  allowable 
exposure  limit  impulses  for  various  durations .  Those  data  are  taken 
directly  from  MIL-STD-1474D,  as  is  the  information  in  Table  8  that 
lists  the  maximum  permissible  number  of  exposures  per  day  for  the 
various  impulse  noise  limits  for  someone  wearing  both  ear  plugs  and 
muffs  for  hearing  protection  [22].  Under  the  guidelines  in  MIL-STD- 
1474D,  sound  pressures  above  the  Z-level  are  considered  to  be 
excessive  for  military  systems. 


Figure  5.  Peak  sound  pressure  limits  vs.  B-duration 

for  impulse  noise 
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Table  8.  Impulse  Noise  Daily  Exposure  Limits 


Impulse  Noise 
Limit 

Maximum  Permissible  Number  of  Exposure /Day 

No 

Protection 

Either  Plugs 
or  Muffs 

Both  Plugs 
and  Muffs 

W 

- Unlimited  Exposure  -  | 

X 

0 

2,000 

40,000 

Y 

0 

100 

2,000 

Z 

0 

5 

100 

The  sound  pressure  values  for  the  29  and  39  caliber  gun  barrels 
are  shown  in  Figure  5,  and  both  exceed  the  Z-level  limit  imposed  by 
MIL-STD-1474D.  Therefore,  based  on  the  MIL-STD,  both  systems  are 
unacceptable.  However,  the  39-caliber  case  corresponds  to  the  M198 
howitzer,  which  is  a  fielded  system.  Further  research  found  that 
previous  work  had  identified  the  Ml  9 8  as  exceeding  the  allowable 
impulse  noise  limits  [23].  This  work  helped  spur  a  review  of  the 
sound  pressure  limits  by  the  Office  of  the  Surgeon  General  and 
ultimately  resulted  in  proposed  changes  to  Blast  Overpressure  (BOP) 
Health  Hazardous  Assessment  (HHA)  procedures.  These  new  HHA 
procedures  proposed  a  new  allowable  peak  impulse  level  of  187  dB  for 
100  exposures/day  for  a  system,  such  as  a  howitzer,  having  a  B- 
Duration  of  less  than  60  ms  [24].  The  HHA  also  states  that  for  peak 
pressure  levels  below  187  dB,  the  allowable  number  of  rounds  per  day 
will  be  doubled  for  each  3-dB  decrease.  Thus,  under  the  Surgeon 
General's  guidelines,  the  29-caliber  barrel  becomes  a  viable  option 
for  a  155-mm  howitzer  with  an  allowance  of  up  to  200  rounds/day  for 
a  given  gun  crew.  In  addition,  it  should  be  noted  that  rotation  of 
the  crew  to  various  weapon  service  stations  would  reduce  the 
individual  exposures  and  permit  an  increase  in  the  allowance  of 
rounds  fired  per  day  by  a  particular  crew. 


4.5  FURTHER  COMPONENT  WEIGHT  REDUCTIONS 

Combining  the  recoil  system  listed  as  Variation  E  in  Table  5, 
having  a  weight  of  3,830  lb  (1,737  kg),  and  the  howitzer  components 
derived  from  the  ARDEC  study  listed  in  Table  3,  weighing  4,820  lb 
(2,186  kg),  yields  a  howitzer  with  a  mass  of  8,550  lb  (3,878  kg). 
Further  reductions  in  mass  of  the  howitzer  components  are  achievable 
because  of  the  reduced  system  recoil,  26%  less  than  the  M198,  and 
the  overall  lightening  of  the  structure. 

The  data  for  the  MTL  designed  trails  in  Table  2  may  be  scaled 
up  to  estimate  the  weight  of  a  trail  12  ft  (3.66  m)  long.  The 
lightest  design  in  the  MTL  study  weighed  106  lb  (48  kg)  for  a  length 
of  110  in  (2.8  m),  which  scales  to  139  lb  for  a  12-ft  design.  This 
represents  a  significant  mass  savings  from  the  627  lb  (284  kg) 
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individual  trail  weight  used  in  the  ARDEC  study.  This  translates 
to  a  total  weight  savings  of  976  lb  (443  kg)  for  the  two  trails, 
putting  the  mass  of  lightweight  howitzer  at  7,575  lb  (3,436  kg). 

Table  3  lists  numerous  components  that  may  be  made  less  massive 
due  to  the  reduction  in  recoil  force.  With  modifications  to  the 
trails  having  already  been  made  previously,  the  three  largest 
components  where  weight  savings  may  be  attained  are  the  carriage 
weldments,  both  top  and  bottom,  and  the  cradle.  Assuming  a  weight 
reduction  equivalent  to  the  reduction  in  recoil  force,  26%,  produces 
a  total  weight  savings  of  469  lb  (213  kg). 

A  final  area  for  consideration  of  weight  reduction  is  the  wheel 
and  axle  assembly.  The  ARDEC  study  design  was  based  on  the  wheels 
and  axle  supporting  the  weight  of  the  M198.  The  lightweight 
howitzer  design  has  a  weight  of  less  than  half  the  M198  so  it  is 
reasonable  to  assume  that  the  wheel  and  axle  assembly  weight  may  be 
cut  in  half.  This  provides  another  380-lb  (172  kg)  weight  savings. 

Table  9  is  a  compilation  of  the  various  howitzer  components  and 
provides  a  comparison  against  the  ARDEC  study  values  from  Table  3. 
The  recoil  mechanism  is  taken  from  Variation  E  listed  in  Table  5. 
The  total  system  weight  for  the  lightweight  howitzer  adds  up  to 
6,821  lb  (3,094  kg).  This  meets  the  goal  of  a  howitzer  weighing 
less  than  7,000  lb  and  provides  some  room  for  weight  growth  if  some 
estimates  in  the  analysis  prove  to  be  overly  optimistic. 

Table  9.  Lightweight  Howitzer  Component  Mass 


System 

Component 

ARDEC  Wgt 
(lb) 

LWT  How. 
Wgt  (lb) 

Basis  for  Wgt  Reduction 

Recoil  System 
&  Cannon 

1 

1 

} 

1 

3,730 

Variation  E  in 

Table  5 

Trails 

627  ea 

139  ea 

Scaled  MTL  Design 

Wheel  &  Axle 
Assembly 

763 

380 

50%  Reduction  in 
Overall  System  Weight 

Top  Carriage 

560 

414 

26%  Reduced  Recoil 

Bottom  Carriage 

538 

398 

26%  Reduced  Recoil 

Cradle 

706 

522 

26%  Reduced  Recoil 

Other  Components 

999 

999 

No  Change 

Total  Weight 

6,821 
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2.6  STABILITY  CONSIDERATIONS 


The  analysis  has  shown  that  significant  mass  reductions  are 
achievable  on  a  155~inm  howitzer.  One  consequence  of  having  a 
lighter  system  is  it  becomes  more  difficult  to  minimize  the  howitzer 
"jump"  or  "hop"/  which  necessitates  repositioning  prior  to  the  next 
shot  and  subsequently  reduces  the  firing  rate.  Thus,  it  was 
necessary  to  determine  the  7 /000-lb  howitzer's  stability 
requirements  before  declaring  it  as  a  realistic  possibility. 


Figure  6  shows  a  simple  representation  of  a  howitzer.  The 
vector  W„  represents  the  entire  system  weight  acting  through  the 
weapon's  center  of  gravity.  Fr  is  the  recoil  force  acting  along  the 
axis  of  the  gun  barrel.  The  figure  is  drawn  showing  a  horizontal 
firing  plane  with  the  height  at  which  the  recoil  force  acts  above 
ground  denoted  as  H.  The  horizontal  or  direct-fire  position 
represents  the  most  severe  overturning  moment  and  is  considered  to 
provide  a  worst  case  for  the  stability  analysis.  The  trail  length 
is  shown  as  L.  These  parameters  are  used  in  the  governing  stability 
equation  [16]  given  as 

(10) 

Fj.*H  <  W^*L  . 


Equation  10  can  be  rearranged  to 


H  < 


Fr 


(11) 


Using  values  from  the  mass  tradeoffs  in  the  previous  section/  a 
weapon  weight  of  7/000  lb/  a  trail  length  of  12  tt,  and  the  recoil 
force  from  Variation  E  of  Table  5  can  be  used  to  calculate  the 
maximum  allowable  trunnion  height.  Substitution  of  the  values  into 
equation  16  shows  that  the  lightweight  howitzer  must  have  a  trunnion 
height  of  less  than  33.8  in  (0.86  m) .  The  current  M198  trunnion 
height  is  48  in  (1.2  m)  .  However/  a  lower  trunnion  height  of 
25.6  in  (0.65  m)  has  been  employed  successfully  by  VSEL  [25]. 
Therefore/  the  7 /000-lb  howitzer's  stability  can  be  assured  with  a 
30-in  (76  cm)  trunnion  height.  The  lower  trunnion  height  also 
provides  the  added  benefit  of  requiring  a  smaller  and/  in  turn/  less 
massive  lower  carriage  as  was  assumed  as  part  of  the  previous 
geometry  modifications. 


Figure  6.  Howitzer  sketch  with  reaction  loads 
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3.0  CONCLUSIONS 

The  purpose  of  this  study  was  to  identify  an  artillery  system 
capable  of  providing  the  light  maneuver  forces  with  155-mm  firepower 
and  lethality  while  meeting  their  mobility  requirements.  A  review 
of  the  towing  capacity  of  various  vehicles  showed  that  a  howitzer 
weighing  7,000  lb  could  be  towed  off-road  by  a  2.5  ton  truck  and 
lifted  by  a  Blackhawk  helicopter,  thus  making  it  a  viable  option  for 
a  light  force  unit. 

Subsequently,  a  study  was  done  to  see  what  weight  saving 
measures  could  be  taken  to  reach  the  7,000-lb  goal  weight.  It  was 
hoped  that  starting  with  the  15,800-lb  M198  system,  changes  could 
be  implemented  to  reach  the  design  goal  weight  while  maintaining  the 
range  capability. 

Use  of  composite  materials  and  lightweight  metals  such  as 
titanium  provided  a  20%  mass  savings.  Tailoring  the  barrel  geometry 
to  more  closely  match  the  in-bore  pressure  profile  and  incorporating 
a  soft  recoil  system  provided  a  further  weight  reduction  from  the 
M198  of  10%.  Subsequent  geometry  changes  to  the  rear  trails  and 
recoil  cylinder  were  not  substantial  enough  to  reduce  the  projected 
weight  of  the  howitzer  below  8,500  lb  (3,856  kg). 

Restricting  the  maximum  allowable  charge  to  the  M119A2  (as 
opposed  to  the  M203A1)  proved  to  be  the  final  step  needed  to  reach 
the  desired  weight  level.  The  less  severe  M119A2  charge  allowed  for 
a  less  massive  breech  and  barrel  and  a  shorter  caliber  cannon  and 
reduced  the  size  of  the  howitzer  support  structure.  The  combination 
of  these  changes  resulted  in  a  7,000-lb  lightweight  howitzer  being 
deemed  possible.  This  restriction  reduced  the  maximum  range  of  a 
nonrocket-assisted  projectile  from  22.0  to  16.7  km.  However,  this 
16.7-km  range  still  exceeds  the  capability  of  the  current  105-mm 
towed  howitzer  employed  by  the  light  forces . 

This  study,  while  being  purely  analytical,  used  realistic 
projections  based  on  today's  technologies.  The  results  of  the  study 
predict  that  a  7,000-lb  howitzer  can  be  designed  by  adopting 
composite  component  parts,  adding  a  soft  recoil  system,  and  using 
the  M119A2  as  the  top  zone  charge.  Such  a  system  would  provide 
155-mm  lethality  at  ranges  beyond  those  currently  attainable  by  105- 
mm  howitzers. 
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ABSTRACT 

The  requirement  to  increase  the  strike  velocity  of  long  rod  penetrators  for  the  defeat  of 
advanced  armour  has  led  to  the  need  to  design  tank  gun  barrels  with  increased  length, 
calibre  and  working  pressure.  The  penalties  resulting  from  this  are  increased  barrel 
weight  and  a  detrimental  movement  in  the  centre  of  gravity  away  from  the  breech  .  In 
addition,  there  may  be  a  reduction  in  the  natural  frequency  of  flexural  vibrations,  which 
can  lead  to  a  loss  of  accuracy. 

For  a  tank  barrel  the  adverse  movement  of  the  centre  of  gravity  of  the  barrel  has 
particularly  serious  consequences.  For  example,  the  inevitably  larger  countermass  bulk 
in  the  breech  region  area  sweeps  out  greater  volume  within  the  turret  as  the  gun  is 
slewed.  This,  in  turn,  increases  the  height  and  length  of  the  turret  leading  to  increased 
vehicle  signature.  This  effect  is  also  likely  create  severe  problems  if  an  upgraded  gun  is 
deployed  within  existing  vehicles. 

Advanced  fibre  composites  have  unidirectional  specific  strengths  and  stiffnesses  of  the 
order  of  five  times  those  of  gun  steels.  The  use  of  such  materials  has  the  potential  to 
greatly  alleviate  some  of  these  problems  by  allowing  the  steel,  in  selected  sections  of 
the  gun  barrel,  to  be  replaced  by  a  composite  overwrap  of  similar  volume  and  much 
lower  density.  Several  options  are  possible;  a  lighter  gun  can  be  built  with  the  same 
performance  of  an  all  steel  design,  a  substantially  higher  working  pressure  for  the  same 
weight,  or  a  longer  barrel  "with  no  outward  shift  in  barrel  C  of  G.  The  latter  permits 
operation  within  existing  limits  on  trunnion  balancing  moments. 

The  high  specific  moduli  of  advanced  composites  can  also  be  used  to  improve  accuracy 
via  reduced  muzzle  droop,  enhanced  flexural  stiffness  and  increased  natural  frequency. 

The  Defence  Research  Agency  (DRA)  has  been  actively  researching  the  use  of 
composite  overwrap  technology  for  tank  gun  main  armament  for  the  last  8  years.  This 
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work  has  embraced  a  number  of  facets,  including  fundamental  materials  research 
through  to  barrel  manufacture  and  firing  trials.  Firing  trials  have  been  conducted  at 
both  small  (30mm)  and  large  (120mm)  calibres. 

The  design  of  such  barrels  represents  a  significant  departure  from  conventional  design 
theories.  As  a  result,  it  is  essential  that  new  design  capabilities  are  developed  if 
overwrapped  barrels  are  to  reach  their  full  potential.  Such  a  design  capability  is  being 
developed  within  DRA  and  includes  the  following  features: 

•  Predicting  the  stress  state  in  the  barrel  due  to  fabrication,  firing  and  thermal  effects. 

•  Analysing  the  stress  distribution  at  the  overwrap  termination  position. 

•  Predicting  barrel  thermal  response  as  a  function  of  firing  scenario. 

•  Assessing  barrel  frequency  response  and  muzzle  droop  as  a  function  of  overwrap 
configuration. 

•  The  provision  of  a  comprehensive  materials  data  base. 

•  Barrel  optimisation  routines 

•  Simple  to  use  pre-  and  post-processor  modules. 

All  design  software  is  fully  underpinned  by  comprehensive  trials  and  testing 
programmes. 

This  paper  provides  a  summary  of  this  design  capability  and  reviews  the  underlying 
validation  exercises  performed  to  date. 
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1  Introduction 

For  the  last  150  years  or  more,  almost  all  gun  barrels,  from  the  small  hand  guns  of  the 
19th  century  to  the  large  ordnances  mounted  on  battleships  in  World  War  Two,  have 
been  fabricated  from  steel.  As  a  consequence,  the  metallurgy,  fabrication  routes  and 
design  procedures  for  steel  gun  barrels  are  highly  developed.  There  remain  a  number  of 
areas  for  further  development  of  steel  gun  technology,  but,  perhaps  with  the  exception 
of  breakthroughs  in  coating  technology  to  extend  the  wear  life,  these  are  likely  to 
provide  small  increments  in  performance  over  the  current  situation. 

With  the  now  widespread  adoption  of  advanced  fibre  reinforced  composite  materials 
into  military  equipments,  it  is  logical  to  consider  if  the  high  specific  strengths  and 
stiffriesses  of  these  materials  may  offer  the  gun  designer  a  major  technological  advance. 
It  is  perhaps  interesting  to  note  that  the  Chinese  had  already  pioneered  the  concept  of 
using  fibre  reinforcement  in  lightweight  siege  guns  in  the  15th  century,  and  the  Dutch 
had  constructed  ship  mounted  cannons  in  the  17th  century,  using  a  malleable  liner 
reinforced  with  shrink  fit  hoop  ‘windings’.  Bearing  in  mind  these  previous  lessons,  the 
UK  Defence  Research  Agency  (DRA)  has  an  active  research  programme  to  investigate 
the  practicalities  of  designing  gun  barrels  with  today’s  advanced  materials. 

The  approach  taken  by  the  DRA  is  based  on  the  principle  that  advanced  fibre 
composites  can  be  used  to  strengthen  and/or  stiffen  selective  regions  of  a  steel  gun 
barrel.  The  more  radical  approach,  which  is  to  fabricate  a  gun  barrel  entirely  from 
advanced  composites,  has  not  been  pursued  to  date,  as  a  steel  liner  is  considered  to  be 
essential  to  provide  the  necessary  wear  life  and  rifling  features.  At  a  future  juncture, 
wear  resistant  ceramic  liners  may  provide  a  more  promising  alternative.  An 
overwrapped  demonstrator  barrel  is  shown  in  figure  1 
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The  principal  focus  of  the  UK  programme  is,  therefore,  to  develop  reliable  design  tools 
for  selectively  reinforced  gun  barrels.  This  paper  provides  an  overview  of  the  progress 
to  date. 

2  Design  Code  Philosophy 

The  DRA  has,  over  a  number  of  years,  developed  a  generic,  menu  driven,  conventional 
gun  barrel  design  capability  for  use  on  a  high  performance  PC  computer.  The 
capability  covers  all  issues  pertinent  to  the  design  and  integration  of  an  all-steel  gun 
barrel  into  a  gun  platform,  albeit  a  main  battle  tank  or  artillery  gun.  The  capabilities 
therefore  cover: 

•  Strength  of  design  based  on  known  material  properties  and  acceptable  autofrettage 
conditions 

•  Gun  recoil,  covering  the  types  of  recoil  systems  and  resulting  recoil  forces  based  on 
the  systems  adopted 

•  Barrel  frequency  and  droop  response  as  a  function  of  support  configuration  and 
barrel  furniture 

•  Barrel  heating  at  the  C  of  R  as  a  function  of  charge  mass  and  type,  projectile  muzzle 
velocity,  atmospheric  conditions,  etc 

Since  this  capability  was  already  is  existence,  it  was  considered  vital  that  any  software 
developed  for  composite  reinforced  barrels  should  form  an  integral  part  of  this  design 
package  for  the  following  principal  reasons: 

•  Any  composite  barrel  design  will  use  a  considerable  number  of  features  common  to 
an  all  steel  barrel  design,  i.e.  common  internal  ballistic,  common  gun  steels  for  the 
liner,  gun  barrel  heating,  frequency  and  droop  behaviours,  etc. 

•  Minimise  learning  times  and  make  composite  overwrap  design  techniques  more 
straight  forward  to  designers  familiar  with  all-steel  barrel  designs 

•  Enable  design  improvements  to  be  easily  assessed  by  comparing  all-steel  vs 
composite  reinforced  barrel  designs 

•  Avoid  software  duplication  and  associated  support  costs 

As  a  result  five  additional  modules,  MATDBASE,  RADHT,  GTUBEl,  GTUBE2 
and  OVERWIND  were  implemented  into  the  gun  barrel  design  suite  to  cover  those 
design  issues  relevant  to  composite  reinforced  gun  barrels.  These  modules  perform  the 
following  functions: 

•  MATDBASE  -  A  materials  and  charge  data  base  into  which  all  design  input 
parameters  are  stored. 
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•  RADHT  -  Barrel  heating.  It  is  recognised  that  a  composite  reinforced  barrel  will 
heat  up  quicker  due  to  the  overwraps  insulatory  properties, 

•  GTUBEl  -  Predicting  barrel  droop  and  frequency  response  as  a  function  of 
overwrap  position.  This  is  a  heavily  automated  module  so  that  effect  of  overwrap 
position  and  length  on  barrel  behaviour  can  be  easily  assessed. 

•  GTUBE2  -  Models  the  pre-stressing  process  of  the  overwrapped  gun  barrel. 
Several  mechanisms  are  available  to  achieve  this  objective  including  tension 
winding,  shrink-fitting  and  autofrettage.  At  the  time  of  writing  an  autoffettage  pre¬ 
stressing  route  is  not  available  since  it  was  felt  that  insufficient  pre-stress  can  be 
achieved  in  a  thin  walled  steel  liner  via  this  route.  This  philosophy  is,  however, 
currently  being  reviewed. 

•  OVERWIND  -  Modelling  the  overwrap  termination  region  to  avoid  potential  areas 
of  stress  concentration. 

The  manner  in  which  these  modules  are  implemented  and  called  from  the  design  code 
is  illustrated  in  figures  2  and  3.  In  these  two  figures,  the  first  two  menus  on  entering 
the  gun  design  software  are  shown.  Figure  2  outlines  the  principal  options  available, 
these  being: 

•  Composite  Total  Design.  This  option  provides  a  completely  automatic  design 
procedure  for  a  composite  reinforced  gun  barrel  based  on  a  very  small  number  of 
input  parameters  to  define  internal  ballistic  requirements,  material  properties  and 
shot  length.  This  option  automatically  calls  the  appropriate  design  modules  as 
necessary.  This  element  of  the  code  is  still  under  development,  but  uses  all  of  the 
individual  codes  discussed  below. 

•  Individual  Access  to  Design  Codes.  This  provides  direct  access  to  the  modules 
described  earlier  together  with  Barrel  Design  (design  modules  for  all-metal  barrels) 
and  Recoil  Design.  These  options  are  illustrated  in  figure  3. 

•  Ancillary  Design  Codes.  This  facility  covers  a  number  of  additional  codes  that 
cover,  essentially,  systems  studies  and  earlier  design  codes  which  have  been  retained 
for  checking  purposes.  They  do  not  form  part  of  the  composite  gun  barrel  modules 
and  therefore  are  not  discussed  further. 

A  description  of  the  five  composite  gun  barrel  modules  is  given  in  the  following 
section,  together  with  a  summary  of  module  operation,  features  and  verification 
activities. 

3  COMPOSITE  GUN  BARREL  DESIGN  MODULES 
3 . 1  Materials  and  Charge  Data  Base 

The  development  of  a  materials  and  charge  data  base  was  seen  as  a  vital  element  of  the 
composite  reinforced  barrels  design  package.  This  requirement  arose  to  ensure  that: 
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•  Material  properties  are  retained  and  protected 

•  Data  can  be  automatically  accessed  from  the  composite  reinforced  gun  barrel  design 
modules  to  ensure  that  consistent  data  is  used  in  all  studies 

•  Data  is  validated.  This  is  particularly  acute  for  orthotropic  materials  where  violation 
of  the  thermodynamic  constraints  on  material  properties  can  be  easily  achieved.  This 
information  is  stored  in  four  menu  options.  The  first  two  modules  are  broadly 
identical  and  contain  the  material  constants  necessary  for  gun  design,  including 
barrel  heating.  A  typical  data  base  screen  for  the  composite  reinforcement  is 
illustrated  in  figure  4.  Methods  for  obtaining  this  data  are  described  latter  in  chapter 
4. 

The  remaining  two  options  are  for  the  charge.  This  split  arises  from  historical 
developments  and  efforts  are  in  hand  to  merge  the  two  databases.  The  data  bases  are 
essentially  identical  in  appearance  to  figure  4.  Data  covers  all  internal  ballistics 
information  including  charge  mass  and  muzzle  velocity.  Methods  for  obtaining  the  gas 
conductivity,  viscosity,  flame  temperature,  etc,  are  heavily  dependant  on  complex 
combustion  physics  which  is  beyond  the  scope  of  this  paper. 

In  all  data  base  options,  a  range  of  facilities  are  offered  including  search  and  editing  of 
data  together  with  various  options  for  printing  the  data  either  by  particular  material  or 
charge  or  as  a  complete  database. 

32  RADHT 

3.2.1  Description 

RADHT  is  a  one-dimensional  radial  heat  transfer  code  for  predicting  the  transient 
heating  of  a  gun  barrel,  albeit  all-metal  or  composite  reinforced.  The  use  of  a  one 
dimensional  code  is  considered  fully  acceptable  for  predicting  barrel  heating, 
particularly  for  those  areas  away  from  the  breech  block  or  overwrap  termination 
regions  where  radial  heat  transfer  dominates  the  problem.  For  those  other  regions,  the 
increased  thermal  mass  offered  by  the  additional  steel  present  reduces  barrel  heating.  In 
so,  doing  programme  predictions  always  remain  conservative.  This  is  seen  as  a  prudent 
design  philosophy  given  the  relatively  low  operating  temperatures  of  composite 
overwraps  compared  to  steel. 

The  programme  utilises  its  own  internal  ballistics  module  for  predicting  the  heat 
transfer  to  the  bore  of  the  barrel,  based  on  barrel  dimensions,  material  properties, 
charge  details,  firing  scenario  and  barrel  cooling  parameters  (both  internal  and 
external).  Environmental  conditions  are  also  covered  within  the  programme  through 
adjustments  in  the  external  heat  transfer  conditions.  An  initial  uniform  temperature  of 
the  barrel  can  also  be  prescribed. 

Since  the  code  is  one-dimensional,  barrel  temperatures  are  calculated  at  defined  axial 
positions,  or  sample  sections.  The  thermal  results  can  then  be  plotted,  either  as  a 
function  of  radial  position  for  a  specified  time,  as  a  function  of  time  for  a  particular 
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radius  of  the  barrel  or  finally  as  a  function  of  barrel  axial  position  for  a  given  radial 
position  and  time. 


3.2.2  Module  operation 

As  per  the  materials  data  base  module,  all  data  is  input,  analysed  and  post  processed 
via  a  simple  menu  facility.  The  options  within  this  menu  are  reviewed  below. 

Geometry  -  this  is  used  to  input  barrel  liner  geometry  as  a  series  of  blocks,  the 
external  radii  at  the  start  and  finish  of  each  block  being  requested  automatically,  as  is 
block  length.  The  bore  radius  is  the  first  parameter  requested  when  entering  this  menu 
option.  A  typical  geometry  is  shown  in  figure  5.  Additional  features  offered  include  a 
modification  facility  to  edit  existing  geometry  details,  a  vertical  scale  multiplication 
factor  to  magnify  barrel  radial  thickness  to  aid  viewing  and  a  delete  option  to  remove 
blocks.  Composite  reinforcement  is  provided  through  the  reinforcement  table,  whereby 
overwrap  or  axial  reinforcement  thicknesses  are  defined  for  a  particular  block. 
Reinforcement  thicknesses  are  held  constant  over  a  block  length.  The  use  of  a  tapered 
layer  of  reinforcement  is  considered  unlikely  due  its  additional  manufacturing 
complexities. 


Material  Properties  -  provides  the  facility  to  define  component  material  properties. 
This  is  provided  by  an  identical  graphical  image  to  that  shown  in  figure  5  with  the 
exception  of  an  additional  display  of  the  thermal  material  data  at  the  bottom  of  the 
screen.  Material  selection  is  then  performed  via  movement  of  the  mouse,  with  data 
being  taken  directly  from  the  materials  data  base.  Geometry  colour  is  changed  to  assist 
in  identifying  which  barrel  material  is  being  defined. 

Charge  Details  -  enables  the  internal  ballistics  to  be  defined.  As  for  material  definition, 
charge  details  are  taken  directly  from  the  charge  data  bases.  Selection  is  achieved  via 
movement  of  the  mouse  and  a  typical  screen  is  shown  in  figure  6.  Additional  data 
requested  includes  initial  barrel  temperature  and  ambient  temperature.  Two  further 
inputs  are  required  to  define  the  time  step  for  numerical  solution  to  the  transient  heat 
transfer  equations  and  the  output  time  interval.  These  are  provided  to  give  the  operator 
control  over  the  solution  process.  Clearly  large  numbers  give  rapid  run  times  but  poor 
numerical  accuracy,  small  numbers  vice-versa. 

Fire  Scenario  And  Bore  Cooling  defines  the  firing  scenario  and  bore  cooling  details. 
Here  a  table  is  entered  covering  rate  of  fire  (rounds  per  minute),  period  of  firing  or 
cooling  followed  by  the  internal  heat  transfer  coefficient  and  internal  fluid  (gas) 
temperature,  see  figure  7.  Calculation  of  the  heat  transfer  coefficient  is  complex,  but 
since  barrel  cooling  via  the  bore  is  generally  small,  experience  has  shown  that  a  value 
of  5  WWK  yield  satisfactory  results.  A  limitation  of  the  module  is  the  inability  to 
charge  adjust,  but  this  is  currently  being  rectified. 

External  Barrel  Cooling  Details  dominates  the  cooling  process  and  is  defined  via  a 
table,  similar  in  the  form,  to  the  firing  scenario.  Barrel  cooling  parameters  are  defined 
for  each  barrel  block.  Since  heat  transfer  can  be  both  via  convection  and  radiation, 
parameters  are  required  for  the  heat  transfer  coefficients  and  surface  emmissivities.  As 
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these  parameters  are  recognised  as  being  key  elements  to  barrel  cooling,  graphs  and 
tables  are  available  for  these  parameters  based  on  surface  finish  and  environmental 
conditions. 

Sample  Sections  defines  the  axial  positions  for  analysis.  These  axial  positions  are 
input  into  a  box  located  beneath  an  image  of  the  barrel  to  illustrate  their  positions 
visually.  Each  sample  position  is  given  a  unique  identification  number,  as  depicted  in 
figure  8. 

Graphs  enables  a  selection  of  graphs  to  be  plotted  following  programme  execution. 
These  are: 

•  barrel  heating  through  the  wall  at  a  selected  time 

•  temperature  vs  time  for  a  selected  sample  section  and  radius 

•  along  the  barrel  length  for  a  selected  time  and  surface 

Typical  barrel  temperature  plots  are  shown  in  figures  9  and  10.  In  figure  9  the 
temperature  variation  through  the  barrel  is  shown  for  sample  position  1,  i.e.  at  the 
commencement  of  rifling  900  seconds  after  firing.  In  the  latter  figure  the  temperature 
history  at  the  same  sample  position  is  shown  but  for  the  outside  of  the  barrel. 
Hardcopy  plots  plus  tabulated  results  can  be  output  as  required. 

3.2.3  Code  validation 

In  order  that  the  heating  code  can  be  used  with  confidence  a  considerable  number  of 
gun  barrel  heating  studies  have  been  conducted  for  a  range  of  ordnance,  from  small 
arms  to  artillery  and  tank  guns.  For  smaller  calibre  barrels  firing  trials  have  been 
undertaken  within  DRA  using  instrumented  barrels  and  accurately  controlled  firing 
scenarios.  For  the  larger  calibre  barrels  results  have  been  taken  from  various 
instrumented  firing  trials  conducted  under  various  MOD  programmes  including  both 
deep  bored  and  surface  thermocouples. 

To  illustrate  a  typical  program  accuracy,  theoretical  vs  measured  temperature  histories 
are  plotted  in  figures  11  for  a  UK  artillery  gun.  As  can  be  seen,  given  the  relative 
simplicity  of  the  programme,  the  correlation  between  theory  and  experiment  is 
excellent. 

33  GTUBEl 

3.3.1  Description 

GTUBEl  is  a  comparatively  straightforward  beam  element  finite  element  code  for 
predicting  the  droop  and  natural  frequency  response  of  a  gun  barrel  tube.  No  damping 
options  are  available  at  present.  The  barrel  is  assumed  to  be  rigidly  fixed  at  the  rear  of 
the  barrel,  either  at  the  breech  or  more  frequently  at  a  barrel  support  or  bearing 
position.  This  is  fully  consistent  with  traditional  design  practices. 

In  general  such  codes  usually  request  the  data  to  be  input  in  the  form  of  a  beam  length 
together  with  it  second  moment  of  area,  which  can  differ  at  either  end  of  the  beam  if 
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tapers  are  used.  While  for  gun  barrels,  which  are  essentially  simple  beam  structures, 
the  evaluation  of  the  second  moment  of  area  is  a  straight  forward  exercise  it  was 
nevertheless  felt  that  inputting  barrel  geometry  into  the  module  via  a  simple  menu 
driven  interactive  pre-processor  would  facilitate  data  entry  and  minimise  errors.  The 
menu  format  was  also  designed  to  be  fully  compatible  with  all  other  modules  in  the  gun 
barrel  design  suite. 

In  addition  to  facilitating  data  input,  considerable  attention  was  given  to  offering  an 
optimisation  capability  such  that  the  overwrap  position  and  length  on  the  barrel  can  be 
optimised  to  maximise  barrel  frequency  response,  while  minimising  barrel  droop.  An 
ability  to  compare  any  benefits  directly  to  a  reference  barrel,  essentially  a  monolithic 
steel  barrel  variant,  was  also  considered  as  highly  beneficial.  These  two  objectives  were 
met  via  the  following  module  options; 

•  The  overwrap  is  permitted  to  “float”  on  the  exterior  surface  of  the  barrel.  That  is 
for  two  adjacent  beam  element  sections  the  external  overwrap  termination  position 
is  permitted  to  vary  automatically  from  the  start  of  one  section  to  the  finish  of  the 
other.  Thus  plots  of  barrel  frequency,  droop  and  weight  trends  can  be  plotted  vs 
overwrap  position  along  the  barrel. 

•  By  splitting  the  module  into  essentially  two  identical  sub-modules,  the  first  defining 
the  reference  barrel,  the  second  the  re-designed  barrel.  These  two  sub-modules  only 
differ  in  that  the  overwrap  “float”  option  is  not  available  for  the  reference  barrel 
option,  although  composite  overwraps  can  be  applied  if  desired. 

With  these  two  powerful  features  very  quick  design  optimisation  can  be  achieved  with 
minimal  effort  on  part  of  the  design  engineer. 

Barrel  furniture,  e.g.  MRS,  fume  extractor,  muzzle  brake,  cannot  at  present  be  added 
in  the  form  of  point  of  point  loads,  but  this  can  be  resolved  by  applying  a  pseudo 
reinforcement  layer  of  appropriate  density  to  yield  the  correct  loading. 

3.3.2  Operation 

Initiation  of  the  GTUBEl  module  is  achieved  by  selecting  GTUBEl  from  the  Main 
Analysis  Selection  menu;  figure  3.  On  entering  the  module  the  option  is  made  available 
to  select  either  the  reference  barrel  or  design  barrel  sub-module.  As  described 
previously  these  two  sub-modules  are  broadly  identical,  with  the  exception  of  the 
overwrap  “float”  option  not  being  available  for  the  reference  barrel.  For  the  purposes 
of  this  paper  the  procedure  for  setting  up  a  design  barrel  is  therefore  described.  It  is 
assumed,  however,  that  a  reference  barrel  has  been  pre-defined  and  has  been  selected 
as  the  reference  barrel  from  which  design  comparisons  can  be  made. 

Barrel  geometry  is  achieved  via  the  Geometric  data  input  screen,  see  figure  12, 
although  prior  to  the  screen  illustrated,  the  bore  radius  and  number  of  beam  element 
lengths  will  have  been  requested.  Data  is  then  entered  systematically,  providing  each 
beam  length  followed  by  the  radii  at  its  start  and  finish.  Overwrap  thicknesses  are  then 
requested,  up  to  a  maximum  of  three  layers,  with  zero  thickness  interpreted  has  no 

16-9 


A.  Groves,  A.Howard,  M.J.Hinton 


overwrap  material  present.  As  per  RADHT,  the  overwrap  thickness  is  taken  constant 
over  a  beam  length  for  the  reasons  previously  stated. 

Material  selection  is  then  defined  automatically  for  the  liner  material  and  the  various 
reinforcement  layers.  A  manual  override  is  nevertheless  supplied  if  required.  A  zoom 
facility  is  also  provided  to  enlarge  barrel  regions  to  aid  manual  material  selection,  the 
very  large  aspect  ratios  of  gun  barrels  making  it  difficult  to  identify  the  various 
components  of  the  barrel,  as  is  seen  in  figure  12. 

Barrel  optimisation  can  then  be  invoked  via  the  Fixed  Selection  Menu  as  illustrated  in 
figure  13.  For  the  example  shown,  the  overwrap  is  permitted  to  “float”  over  beam 
sections  3  and  4.  In  this  case  the  overwrap  start  position  is  assumed  to  start  at  the  end 
of  section  4  while  the  termination  region  “floats”  from  the  end  of  beam  section  4  (no 
overwrap  all  metal  barrel)  to  the  start  of  section  3  (overwrapped  over  the  full  length  of 
sections  3  and  4).  The  approach  of  permitting  the  overwrap  to  start  at  the  forward  end 
of  the  barrel  and  progress  rearwards  arises  directly  from  a  consideration  of  the 
behaviour  of  beams.  Both  frequency  and  droop  are  improved  if  weight  is  reduced  at 
the  front  of  a  cantilever  beam. 

On  completion  of  the  analysis,  option  facilities  are  available  to  plot  the  barrels 
frequency,  droop,  mass  and  muzzle  angle  as  a  function  of  overwrap  position,  either 
non-dimensionalised  relative  to  a  pre-selected  reference  barrel  or  individually.  A  typical 
non-dimensionalised  plot  is  shown  if  figure  14. 

It  is  perhaps  interesting  to  consider  the  trends  shown  in  figure  14,  particularly  those 
relating  to  barrel  droop  and  frequency  responses.  As  can  be  seen,  these  go  through 
distinct  optima,  which  to  a  first  order  approximation,  indicates  that  only  the  forward 
half  of  the  barrel  need  be  overwrapped  if  these  parameters  are  the  principle  design 
drivers.  The  effect  of  axially  stiffening ,  not  shown,  yields  a  similar  result,  although  the 
optimum  overwrap  length  is  considerably  longer  than  then  depicted  here  and  not  so 
pronounced.  Such  features  illustrate  the  potentials  offered  by  overwrap  technology  and 
the  need  for  easy  to  use  automated  design  software. 

3.3.3  Validation 

Two  validation  techniques  have  been  employed.  The  first  for  droop  has  been  to 
compare,  for  simple  problems,  predicted  results  against  theoretical  predictions  using 
classical  engineering  bending  theory  modified  to  include  multi-material  structures.  In 
all  cases  assessed,  accuracy  has  been  well  within  1%. 

For  frequency  predictions  a  series  of  barrel  vibration  tests  have  been  undertaken.  Such 
a  test  consists  of  fixing  an  axially  strained  gauged  barrel  into  a  rigid  mounting  and  then 
taping  the  muzzle  to  initiate  barrel  vibrations.  A  typical  set  up  is  shown  in  figure  15. 
Using  transient  data  capture  techniques,  the  longitudinal  strain  arising  from  barrel 
vibrations  is  then  recorded.  Given  that  high  quality  of  the  strain  results  are  obtained, 
fast  Fourier  processing  can  then  be  conducted  to  determine  at  least  the  first  3  modes  of 
vibration.  These  results  have  then  been  compared  with  theoretical  predictions  and 
found  to  be  within  2-5%  difference.  This  simple  test  can  also  be  used  to  explore  barrel 
damping  characteristics,  particularly  for  composite  reinforced  barrels,  where  damping 
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may  be  significant.  If  so  this  is  seen  as  a  further  major  benefit  of  overwrap  technology. 
If  so  damping  will  be  included  into  GTUBEl. 

3  4  GTUBEl 

3.4.1  Description 

GTUBEl  is  a  series  of  closed  form  analytical  stress  and  strain  solutions  for  predicting 
overwrapped  barrel  pre-stress  either  via  tension  winding  or  shrink-fitting.  The  use  of 
an  autofrettage  route  is  not  available  at  present,  but  is  an  additional  feature  which  is 
currently  being  considered  for  implementation. 

The  underlying  theory  is  based  on  classical  elasticity  theory  and  structures  of 
revolution  but  include  the  necessary  additional  orthotropic  materials  parameters  for  the 
composite  overwrap. 

Tension  winding  is  modelled  as  the  application  of  a  succession  pre-stressed  bands, 
each  band  being  applied  one  on  top  of  each  other.  The  induced  pre-stress  in  the  liner  is 
then  the  summation  of  the  pre-stresses  for  each  applied  layer.  A  similar  approach  is 
adopted  for  the  overwrap,  with  the  resulting  stress  being  the  sum  of  its  winding  stress 
plus  stress  reductions  due  to  the  application  of  subsequent  layers.  A  further  refinement 
to  the  code  is  to  replace  the  resulting  summations  in  the  programme  by  an  integral 
expression  to  greatly  aid  run  times,  particularly  when  large  quantities  of  thin  layers  are 
applied. 

For  the  shrink-fit  option  the  barrel  is  assumed  to  be  cooled  and  the  overwrap  sleeve 
then  applied.  This  arises  from  the  fact  that  the  composite  overwrap  exhibits  negligible 
expansion  due  to  its  low  thermal  expansion  coefficients.  Theory  is  again  classical 
elasticity  theory. 

In  addition  to  the  pre-stressing  facilities,  the  module  also  includes  facilities  for 
modelling  barrel  response  to  internal  pressure  and  temperature  excursions  about 
ambient.  The  latter  assumes  the  temperature  gradient  is  exponentially  varying  through 
the  overwrap  and  liner  to  facilitate  the  development  of  an  analytical  solution.  An 
optimisation  routine  is  also  supplied  to  determine  the  optimal  overwrap  thickness  vs 
liner  thickness,  for  a  prescribed  winding  tension,  to  satisfy  a  required  barrel  bore  stress. 

A  full  post-processing  facility  is  provided  in  the  form  of  graphs  plotting  stress  and 
strain  vs  radius  in  all  three  principal  directions.  For  the  optimisation  routine,  where 
reinforcement  thickness  vs  liner  thickness  is  plotted,  an  interactive  stressing  option  is 
provided  to  enable  liner  and  overwrap  stresses  to  be  assessed  for  selected  liner 
configurations. 

3.4.2  Operation 

The  module  is  again  menu  driven,  in  the  form  of  a  series  of  automated  input  screens 
for  entering  material  properties,  geometry  and  component  loading.  The  material  input 
and  title  screen  is  shown  in  figure  16,  and  covers  both  the  liner  and  overwrap  material. 
Material  selection  is  via  mouse  selection  direct  from  the  materials  data  base. 
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Component  dimensions  and  loading  is  via  the  analysis  selection  screen,  as  shown  in 
figure  17.  Dimensions  are  requested  first,  as  indicated.  For  the  overwrap  optimisation 
option,  the  upper  and  lower  limits  on  liner  thickness  are  specified  together  with  an 
option  to  define  the  number  of  data  points  between  these  limits. 

Pre-stressing  is  via  tension  winding  or  shrink-fitting  as  previously  discussed.  For 
tension  winding  the  winding  stress  can  be  either  constant  for  the  whole  winding  event 
or  varied  between  a  start  and  finish  value.  Alternatively  for  shrink  fitting,  the  liner 
temperature  is  specified  relative  to  ambient. 

Internal  pressure  is  also  specified  within  this  table  as  is  the  temperatures  at  the  bore, 
liner/overwrap  interface  and  external  surface.  A  reference  temperature  is  also  supplied, 
denoting  the  ambient  temperature  at  which  manufacture  took  place. 

Finally  two  end  constraints  are  provided,  Open  ended,  whereby  the  barrel  is  free  to 
move  axially  as  the  barrel  radial  distorts  under  applied  loading,  and  fixed  ends  whereby 
the  barrel  is  not  free  to  move  axially.  The  latter  can  exert  very  high  axial  loads  in  the 
barrel.  These  two  options  nevertheless  provide  bounding  stressing  solutions  for  gun 
barrel  design  if  required. 

On  running  the  programme,  the  designer  is  automatically  presented  with  a 
circumferential  stress  plot  as  shown  in  figure  18.  Other  options,  to  look  at  the  stresses 
and  strains  in  the  three  principal  directions,  are  also  available  under  the  Next  option. 
For  example  a  radial  strain  plot  is  shown  in  figure  19.  In  all  plots  available  the  three 
components  of  stress  or  strain  are  presented,  i.e.  pre-stressing,  pressure  and 
temperature,  together  with  the  combined  solution.  This  enables  the  dominating  loading 
component  to  be  identified  for  corrective  action  as  necessary.  In  line  with  all  the  design 
modules,  facilities  are  provided  to  obtain  hard  copies  of  the  results,  both  plots  and 
tabulated. 

3.4.3  Validation 

Validation  of  the  code  was  achieved  entirely  theoretically.  However  this  approach  was 
split  into  two  elements. 

The  first  was  to  model,  via  plane  stress  finite  elements,  the  stress  distribution  in  an 
overwrapped  steel  barrel  with  no  pre-stress  but  subjected  to  an  internal  pressure. 
Dimensions  and  material  data  were  identical  in  both  cases.  These  results  were  in 
excellent  agreement  validating  the  fundamental  equations  of  state  were  derived 
correctly. 

In  the  second  case,  a  winding  macro  was  developed  for  use  with  finite  element 
techniques  to  model  the  winding  process  as  a  series  of  tensioned  bands.  The  macro 
was  required  to  facilitate  mesh  generation,  which  was  found  to  be  excessively  labour 
intensive.  Although  this  resulted  in  a  coarse  overwrap,  i.e.  each  radial  finite  element 
represents  many  layers  of  overwrap,  the  results  particularly  in  the  liner,  were  typically 
less  than  2-3%  of  the  GTUBE2  solution.  Due  to  the  coarse  nature  of  the  model, 
overwrap  accuracy  was  not  so  favourable,  but  this  was  fully  anticipated. 

16-12 


A.Groves,  A.Howard,  M.J.Hinton 


Some  experimental  testing  has  also  been  conducted  to  aid  validation,  but  this  is 
covered  in  more  detail  in  the  material  characterisation  element  of  this  paper. 

35  OVERWIND 

3.5.1  Description 

While  the  GTUBE2  module  discussed  previously  models  the  tension  winding  process 
for  pre-stressing  barrels,  it  is  only  valid  in  the  long  parallel  regions  of  the  barrel,  i.e. 
away  from  end  termination’s.  Since  the  liner  thickness  of  the  overwrapped  portions  of 
a  barrel  is  very  much  less  than  those  portions  not  reinforced,  it  is  potentially  possible 
that  due  to  the  pre-stressing  process  adverse  stress  concentrations  could  occur  in  the 
transition  area  between  these  two  region  arising  from  local  bending,  etc. 

In  order  to  model  this  area  a  linear  elastic  axisymmetric  finite  element  package  has 
been  modified  with  a  menu  driven  pre-processor.  Several  options  are  available  to  cover 
generic  barrel  profiles  at  the  termination  regions.  Reinforcement  material  can  be  either 
recessed  into  the  dimensions  of  an  existing  barrel  (hoop  overwrap)  or  applied  over  the 
external  surface  to  model  axial  reinforcement  for  joint  design  concepts.  Pre-stressing  is 
achieved  via  specifying  the  overwrap  stress  for  a  particular  layer.  This  is  then 
interpreted  as  a  residual  stress  within  the  finite  element  code  from  which  equivalent 
nodal  forces  are  evaluated.  Component  stressing  is  then  evaluated.  At  present  a  new 
analysis  is  undertaken  for  each  layer  in  turn,  but  in  the  longer  term  it  is  proposed  to 
improve  run  times  via  resolve  techniques.  All  boundary  conditions  are  automatically 
defined,  these  being  zero  axial  displacements  at  the  left  hand  end. 

Additional  features  that  have  been  introduced  to  the  module  include  modelling  the 
pressure  gradient  across  the  projectile  obtruator  band.  This  takes  the  form  of  a  step 
pressure  change,  zero  pressure  to  the  front  of  the  band,  the  gas  pressure  behind. 
Furthermore,  an  ability  to  input  axial  loads  is  also  available  to  cover  issues  arising  from 
barrel  bend  and  joint  design  for  axial  reinforcement  material. 

Post-processing  capabilities  are  broadly  as  for  any  finite-element  package,  offering 
plots  of  component  deformation  through  to  component  stress  and  strain  contours.  All 
information  can  be  plotted  on  high  resolution  printers. 

3.5.2  Module  operation 

The  principle  features  on  entering  the  module  are: 

•  To  select  a  generic  overwrap  transition  area  as  illustrated  by  the  three  icons  shown 
at  the  top  of  figure  20. 

•  To  define  the  overall  dimensions  of  the  area  minus  the  overwrap  recess. 

Once  defined,  the  introduction  of  composite  reinforcement,  applied  either  externally  to 
the  selected  transition  area  or  recessed  into  the  liner,  can  be  undertaken.  For  recessed 
layers,  the  recessed  layers  table  screen  is  invoked  where  up  to  eight  layers  of  tensioned 
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ovenvrapped  can  be  recessed  into  the  barrel  section,  see  figure  21.  The  start  position 
of  the  overwrap  can  be  defined  by  cursor  or  dimensions.  Furthermore,  the  slope  at  the 
start  of  the  overwrap  can  be  defined,  a  90°  slope  being  shown  here.  Alternatively  a 
radius  can  be  chosen  if  believed  to  yield  improved  stressing  in  this  region. 

Material  properties  are  defined  as  per  the  RADHT  module  in  that  the  component  is 
displayed  graphically  and  materials  then  selected  via  the  mouse,  material  properties 
being  shown  at  the  top  of  the  screen.  Different  material  colours  are  again  provided  to 
aid  material  allocation,  as  Ulustrated  in  green  in  the  figure  23. 

Component  loading  is  then  invoked  through  the  Pressure  Loading  Table,  see  figure  23. 
As  discussed  a  pressure  step  is  offered  to  model  projectile  motion,  with  the  position  of 
the  pressure  step  being  defined  either  by  cursor  or  dimensions  as  shown  in  the  figure. 
Pressure  values  to  the  left  and  right  of  the  cursor  are  requested.  In  order  to  gain  a 
pseudo  picture  of  projectile  motion  up  to  eight  cursor  positions  can  be  defined.  Re¬ 
solve  facilities  are  then  used  within  the  programme  to  obtain  the  eight  solutions  in  a 
minimal  time  period.  Finally  to  account  for  axial  loading  arising  from  recoil,  barrel 
bend,  etc.  a  facility  is  offered  to  introduce  axial  loading  to  the  structure.  Finite  element 
meshing  is  then  performed  automatically. 

On  completion  of  the  finite  element  analysis  deformation  and  stressing  plots  can  be 
undertaken  in  line  with  most  finite  element  stressing  packages.  Boundary  conditions 
and  applied  loading  can  also  be  plotted  if  required.  For  the  design  example  shown  in 
figure  22  the  resulting  deformation  plot,  multiplied  by  50,  is  shown  in  figure  23.  The 
corresponding  circumferential  stress  plot  is  shown  in  figure  24.  If  a  winding  analysis 
had  been  invoked  a  series  of  plots  are  offered  automatically  for  the  number  of  layers 
specified.  This  is  also  the  case  if  a  series  of  pressure  steps  were  defined  to  simulate 
projectile  motion.  Enlarging  of  a  particular  area  is  offered  via  a  zoom  facility. 

For  the  preparation  of  hardcopy  output  a  border  is  provided  together  with  options  for 
inputting  titles  and  dates.  A  typical  border  is  illustrated  in  figure  24. 

3.5.3  Verification 

The  overwind  module  is  still  currently  being  developed,  and  at  present  it  has  yet  to  be 
fully  validated.  However,  some  preliminary  checks  have  been  performed  for  an 
overwrapped  barrel  subjected  to  pressurisation  and  the  results  compared  to  the 
GTUBE2  results  and  other  finite  element  solutions  with  excellent  agreement.  For  a 
step  pressure  a  several  preliminary  checks  have  been  undertaken  against  analytical 
solutions  and  other  finite  results,  the  results  to  which  have  again  been  in  good 
agreement.  For  the  tension  winding  process  no  checks  have  been  performed  to  date, 
but  comparisons  against  GTUBE2  and  other  finite  elements  will  be  performed  as 
detailed  in  section  3.4.2. 

4  Material  Properties  for  Tensioned  Composite  Overwrap 

In  the  preceding  chapters,  a  number  of  composite  gun  barrel  design  modules  have  been 
described  to  aid  in  the  designing  of  high  performance  composite  reinforced  gun  barrels. 
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While  considerable  efforts  have  been  extended  to  validating  these  codes,  it  is  clear  that 
unless  good  quality  material  data  is  available  for  these  modules  the  quality  of  results 
will  be  much  reduced. 

The  characterisation  of  composite  materials  is  in  itself  a  subject  area,  but  for  composite 
gun  barrels  the  problems  are  further  increased  by  virtue  of  the  fact  that  the  production 
process  will  effect  the  resulting  properties.  This  is  particularly  true  for  tension  winding 
whereby  very  high  fibre  compactions  can  be  achieved.  Since  removal  of  the  material 
from  the  steel  liner  is  not  permissible,  to  do  so  would  result  in  failure  of  the  material 
due  to  its  high  residual  stress  state,  methods  have  been  derived  for  estimating 
properties  whilst  wound  on  the  steel  mandrel.  For  the  mechanical  and  thermal 
properties,  these  methods  are  summarised  below. 

4.1  Mechanical  properties 

The  principal  technique  for  evaluating  the  material  constants,  e.g.  modulus  and 
poisson’s  ratio,  has  been  achieved  via  the  filament  winding  and  dilation  measurements 
of  cannon  calibre  test  specimens,  a  typical  test  specimen  being  shown  in  figure  25. 

Three  dilation  measurements  are  undertaken; 

•  Barrel  dilation  before  cure  using  bore  gauges 

•  Barrel  dilation  after  cure,  again  using  bore  gauges 

•  Barrel  dilation  due  to  applied  internal  pressure  via  externally  applied  strain  gauges. 

These  three  sets  of  measurements  are  undertaken  to  assess  the  material  constants  when 
the  overwrap  is  applied  as  a  pre-preg  and  in  its  cured  state,  which  can  result  in 
differing  properties  particularly  in  the  through  thickness  direction.  The  intermediate 
stage  provides  information  on  the  loss  of  liner  pre-stress  due  to  the  curing  process, 
which  may  be  significant. 

Since  finite-element  techniques  have  validated  the  stress  equations  embodied  within 
GTUBE2,  material  properties  are  obtained  by  undertaking  data  fitting  exercises. 
However,  it  is  assumed  that  the  circumferential  modulus  is  accurately  predicted  from 
the  measured  overwrap  volume  fraction  and  the  classical  rule  of  mixtures  methods. 
The  properties  of  the  steel  must  also  be  known  for  this  exercise,  but  such  properties 
can  be  easily  evaluated  from  conventional  tensile  testing  techniques. 

While  the  above  technique  has  found  to  yield  sound  design  data,  it  is  recognised  that 
some  of  the  inherent  assumptions  embodied  within  the  approach,  particularly  for  the 
circumferential  modulus,  may  result  in  property  data  that  is  not  truly  accurate.  As  a 
result,  alternative  methods  are  being  explored.  One  such  technique  is  to  use  an 
indentor,  which  is  pushed  into  the  overwrap  along  the  specimen  length.  By  measuring 
resulting  load  and  indentor  deflection,  further  estimates  can  be  made  into  predicting 
the  mechanical  constants.  These  can  then  be  compared  with  barrel  dilation  techniques. 
This  alternative  method  is  still  to  be  fully  validated,  but  has  shown  promise  for 
overwrap  materials  with  very  low  transverse  properties,  such  as,  Kevlar. 
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In  addition  to  the  evaluating  mechanical  constants,  the  pressure  test  can  be  used  to 
determine  failure  data  for  the  overwrap.  Failure  can  be  initiated  either  via  tensile  failure 
of  the  fibres,  or  alternatively  via  transverse  radial  compression.  Establishing  which 
dictates  the  mode  of  failure  is  complex,  but  can  be  ascertained  from  examinations  of 
failed  fibres  and  trends  in  burst  pressures. 

4.2  Thermal  properties 

The  laser  flash  technique  is  by  far  the  most  versatile  and  widely  used  method  for 
evaluating  the  thermal  transport  of  solid  materials.  The  technique  involves  the  thermal 
pulsing  (laser)  of  a  small  disk  of  known  thickness  with  the  elapse  time  and  temperature 
rise  times  being  recorded  on  the  rear  surface.  Analytical  equations  are  then  used  to 
evaluate  the  thermal  difiusivity  using  the  measured  information. 

For  the  overwrap  material  such  a  process  is  not  directly  applicable  for  the  reasons 
previously  discussed,  i.e.  the  overwrap  will  break-up  if  attempts  are  made  to  remove 
form  the  steel  liner.  Nevertheless  the  technique  can  be  modified  for  use  with  an 
overwrapped  steel  liner.  In  this  case  the  overwrapped  test  specimen  is  subjected  to  a 
thermal  input  at  the  bore  after  which  elapse  time  and  temperature  rise  times  are 
recorded  on  the  outer  surface.  By  knoAving  the  properties  for  the  steel  and  the  resulting 
temperature  diffusion  times,  the  thermal  diffusivity  of  the  overwrap  can  be  calculated. 
For  convenience,  a  cooling  input  is  used  within  DRA  in  the  form  of  injecting  water 
into  the  bore  of  a  heated  overwrapped  specimen,  a  schematic  of  the  apparatus  being 
shown  in  figure  26. 

Thermal  conductivity  is  then  evaluated  as  the  product  of  thermal  diffusivity  and 
material  heat  capacity,  the  latter  being  derived  via  Differential  Scanning  Calorimetry 
for  the  overwrap  constituent  materials  and  overwrap  volume  fraction. 

5  Conclusions 

A  series  of  design  modules  have  been  described  to  aid  the  design  of  composite 
reinforced  gun  barrel  tubes.  These  modules  have  been  implemented  into  an  existing  all 
steel  gun  barrel  design  suite  and  provide  the  following  features; 

•  A  comprehensive  materials  and  charge  data  base 

•  A  one  dimensional  transient  heat  transfer  code  for  predicting  barrel  heating  for 
specified  firing  scenarios 

•  Barrel  droop  and  frequency  response  as  a  function  of  reinforcement  thickness  and 
position 

•  Barrel  pre-stressing  via  either  tension  winding  or  shrink-fitting 

•  Modelling  the  termination  region  of  the  overwrapped  portion  of  the  barrel 
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A  summary  of  the  underl3dng  theories  for  each  of  the  analysis  modules  is  described  as 
is  validation  methods.  Discussions  on  the  execution  of  each  of  these  additional  features 
is  also  provided. 

Finally  methods  for  obtaining  material  data  for  use  with  these  design  features  has  been 
reviewed. 
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Figure  2  Main  Analysis  Selection  Menu 
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Figure  4  Overwrap  Material  Data  Screen 
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Figure  5  RADHT  Geometry  Input  Screen 


Figure  6  RADHT  Charge  Selection  Screen 
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Figure  7  RADHT  Firing  Scenario  and  bore  cooling  data  screen 


Figure  8  RADHT  Sample  Sections  Screen 
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Figure  10  Barrel  Temperature  vs  Time 
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Figure  11 RADHT  and  Measured  Temperature  vs  Time  Plots;  Artillery  Gun 


Figure  12  GTUBEl  Geometric  Data  Input  Screen 
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Fisure  13  GTUBEl  Fixed/Free  Selection  Menu 
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Figure  14  GTUBEl  Normalised  Plot 
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Figure  18  GTUBE2  Circumferential  Stress  Plot 
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Figure  ^0  OVERWIND  rermination  Region  Icon  Screen 
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Figure  21  OVERWIND  Recessed  Layers  Table  Screen 
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Figure  22  OVERWIND  Load  Definition  Screen 
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ABSTRACT 

The  MACE  gun  barrel  thermochemical  erosion  modeling  code  addresses  wall 
degradations  due  to  transformations,  chemical  reactions,  and  cracking  coupled  with  pure 
mechanical  erosion  for  M242  gun  systems.  This  predictive  tool  provides  gun  system  design 
information  that  is  expensive,  if  not  unattainable,  by  experiment.  This  cornplex  computer 
analysis  is  based  on  rigorous  scientific  thermochemical  erosion  considerations  that  have  been 
validated  in  the  reentry  nosetip  and  rocket  nozzle/chamber  community  over  the  last  forty 
years.  The  five  module  gun  erosion  analyses  includes  the  standard  gun  community 
XNOVAKTC  interior  ballistics  code  (somewhat  modified),  the  standard  gun  community 
BLAKE  nonideal  gas  thermochemical  equilibrium  code  (somewhat  modified),  the  standard 
rocket  community  TDK  /  MABL  mass  addition  boundary  layer  code  (significantly  modified 
for  gun  barrels),  the  standard  rocket  community  TDK  /  CET  gas-wall  thermochemistry  code 
(significantly  modified  for  gun  barrels),  and  the  standard  rocket  community  MACE  wall 
material  ablation  conduction  erosion  code  (significantly  modified  for  gun  barrels).  These  five 
analyses  provide  thermochemical  ablation,  conduction,  and  erosion  profiles  for  each  material 
as  a  function  of  time,  travel,  and  shot  in  sequence. 

For  this  gun  system  example  erosion  comparisons  are  made  for  two  round  types  (M791, 
616W),  at  two  axial  positions  (6",  12"),  predicted  for  shots  1  and  shot  150  (cycle  A, 
approximately  70  rpm)  and  for  a  bore  surface  of  cracked  and  uncracked  0.002"  chromium 
plated  gun  steel,  cracked  and  uncracked  0.002"  tantalum  sputtered  gun  steel,  and  nitrided  gun 

steel. 
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THERMOCHEMICAL  EROSION  MODELING  OF  M242  GUN  SYSTEMS 
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US  Army  Benet  Laboratories, 

Watervliet,  New  York  12189 

Stuart  Dunn,  Douglas  Coats 
Software  and  Engineering  Associates,  Inc., 

Carson  City,  Nevada  89701 


INTRODUCTION 

Aerothermochemistry  is  the  study  of  chemical  reactions  in  flow  systems  and  was  first 
described  by  von  Karman  in  1951  [1],  The  modification  of  the  heat  transfer  coefficient  by  a 
blocking  effect  for  the  mass  addition  of  chemically  reacting  wall  material  into  the  boundary  layer 
was  first  described  by  Reshotko  and  Cohen  in  1955  [2,3],  The  thermochemical  erosion  of  reentry 
vehicle  (RV)  heat  shield  material  for  various  chemically  reacting  systems  was  first  studied  by 
Denison  and  Dooley  in  1957  [4]. 

Denison  and  Dooley's  thermochemical  erosion  analysis  regarding  convective  heat  transfer  with 
mass  addition  and  chemical  reactions  was  unified  and  summarized  by  Lees  of  California  Institute 
of  Technology  (consultant  to  the  Ramo-Wooldridge  Corporation)  in  1958  [5],  From  early 
thermochemical  erosion  models,  to  JANNAF  standardized  current  models  [6,7],  the  near 
exclusive  use  of  Lees’  analysis  has  stood  the  test  of  time,  and  demonstrates  that  the  major 
assumptions  in  his  1958  paper  are  still  reasonable  and  valid  for  reentry  vehicle  nosetips  and  rocket 

chambers/  nozzles. 

In  the  last  twenty  years,  gun  barrel  technology  has  primarily  focused  on  mechanical  and 
metallurgical  aspects  with  a  secondaiy  focus  on  erosion.  Catastrophic  gun  barrel  failures  have 
been  nearly  eliminated,  while  thermochemical  erosion  (thermochemical  ablation  with  mechamca 
erosion)  problems  have  intensified  due  to  performance  requirements  demanding  the  use  of  high 
flame  temperature  propellants.  The  erosion  of  gun  barrels  is  pnerally  attributed  to  both  thermal 
ablation  (bore  surface  phase  transformations  with  aerodynamic  flow  removal)  and  thermochemical 
ablation  (gas-wall  chemical  reactions  with  aerodynamic  flow  removal)  although  the  surface 
temperature  should  remain  below  the  solidus  temperature  for  a  practical  gun  design. 

In  1990,  the  U.S.  Army  Benet  Laboratories  (Benet)  conducted  an  extensive  literature  search 
of  military,  NASA,  and  commercial  sources  which  revealed  no  "shrink-wrapped"  thermochemical 
erosion  modeling  codes  for  gun  barrels.  This  search  did  reveal  the  JANNAF  standardized  rocket 
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community  counterpart  which  includes  the  Two-Dimensional  Kinetics  (TDK;  chemistry  by  CET, 
mass  addition  boundary  layer  by  MABL)  and  the  Materials  Ablation  Conduction  Erosion 
(MACE)  modeling  codes  for  predicting  thermochemical  erosion  for  rocket  chambers,  nozzles,  and 
nosetips  [6-8],  Software  and  Engineering  Associates,  Inc.  (SEA),  is  now  the  sole  m^ntainer  and 
developer  of  the  TDK  /  MACE  rocket  erosion  codes. 

In  1991,  Benet  and  SEA  mutually  determine  that  these  rocket  codes  should  be  modified  for 
guns  and  that  these  codes  actually  exceeded  gun  erosion  code  requirements  and  expectations  [9]. 
It  became  obvious  that  two  of  the  analytical  tools  needed  to  begin  the  thermochemical  erosion 
analysis  of  gun  barrels  were  already  available  in  the  gun  community.  These  tools  were  Freedman's 
BLAKE  thermodynamic  equilibrium  code  with  compressibility  [10],  and  Gough's  NOVA  interior 
ballistics  code  [11].  SEA  and  Benet  successfully  modified  the  BLAKE,  NOVA,  TDK,  and 
MACE  codes  into  what  appears  to  be  the  first  unified  gun  erosion  code  [9]. 

A  joint  SEA/Benet  research  seminar  was  given  at  Benet  on  this  first  unified  gun  erosion  code 
presenting  its  capabilities  using  a  gun  system  example  where  erosion  cannot  be  explained  by 
thermomechanical  effects  alone  [9,12].  Several  JANNAF  sponsored  gun  erosion  meetings  have 
implied  a  gun  system  specific  thermochemical  erosion  component  for  many  previous  gun  systems 
[13].  For  the  referenced  gun  system  example,  with  its  solid  propellant  product-A723  steel  (or 
chromium  plated  A723  steel),  an  ablative  scale-like  oxidation  of  iron  and  chromium  by  gas-wall 
diffusion  of  oxygen  predominates,  and  the  crack-rich  brittle  scale  layer  is  easily  removed  by 
mechanical  erosive  forces.  US  Army  experimental  data  supports  the  existence  of  gun  barrel 
oxidation  [14],  For  these  systems,  oxidation  lowers  melting  point  by  100°  to  200°C  for  A723 
steel  and  raises  the  melting  point  by  400°  to  500°C  for  chromium,  based  on  respective  phase 
diagrams  which  further  justify  chromium  plating  of  steel.  In  July  1995,  the  first  known  gun  barrel 
thermochemical  ablation  -  mechanical  erosion  modeling  code  was  published  [15]  by  Benet  and  a 
summary  is  presented  in  this  paper.  In  October  1995,  ARL  published  its  thermal  ablation  - 
mechanical  erosion  gun  modeling  code  and  has  not  published  the  important  chemical  component 
to  date  [16]. 


PROCEDURE 

The  thermochemical  erosion  analysis  procedure  for  the  25-mm  Bushmaster  gun  system  [12] 
consists  of  five  analyses,  including  the  NOVA  [9,1 1]  (interior  ballistics  &  core  flow),  BLAKE 
[9, 1 1  ] ,  (gas  thermochemistry  &  compressibility),  TDK  /  MABL  [6,9]  (heat  transfer  modified  by 
boundary  layer  mass  addition,  decoupled  from  core  flow),  TDK  /  CET  [6,8,9]  (gas-wall 
thermochemistry),  and  MACE  [7,9]  (ablation,  conduction,  &  erosion  profiles)  codes. 

The  TDK  /  MABL  module  generates  transport  properties,  Mollier  gas  properties,  adiabatic 
conditions,  and  cold  wall  heat  transfer  conditions  using  NOVA  /  BLAKE  data  as  input.  The  TDK 
/  CET  module  generates  H-B  Mollier  chart  linkage  files  for  nonreacting  (inert)  walls,  reacting 
nitrided  A723  walls,  reacting  cracked  and  uncracked  chromium  plated  A723  walls,  and  reacting 
cracked  and  uncracked  tantalum  sputtered  A723  walls  using  NOVA  /  BLAKE  data  as  input, 
combustion  product  omissions  are  based  on  experimental  testing  and  a  U.S.  Army  report  [14], 

The  MACE  code  calculates  the  transient  thermochemical  response  and  generates  ablation. 
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conduction,  erosion  surface  and  depth  profiles  as  a  function  of  time,  travel,  and  shot.  MACE  uses 
NOVA,  BLAKE,  MABL,  and  CET  data  as  input  for  the  cracked  (1.0%  area)  and  uncracked 
0.002"  chromium  plated  A723  steel  walls,  the  cracked  (0.3%  area)  and  uncracked  0.002" 
tantalum  sputtered  A723  steel  walls,  and  the  nitrided  A723  steel  wall  using  two  round  types 
(M791,  616W)  at  two  axial  locations  (6"',  12")  and  two  shots  (#1,  #150  using  Cycle  A  scenario  at 
approximately  70  rpm).  MACE  gas-wall  chemical  kinetics  data  are  based  on  testing  and  the 
literature  [9]. 

The  616W  designation  is  for  a  non-standard  round  selected,  assembled  and  used  solely  for  the 
aggressive  testing  of  gun  barrels  and  bore  coatings.  The  616W  is  assembled  using  the  same 
cartridge  case,  primer  and  ignitor  as  the  M919  (APFSDS-T)  round.  The  projectile  is  the  same  as 
that  used  in  the  M791;  a  spin  stabilized  tungsten  penetrator  weighing  135  grams.  The  propelling 
charge  is  97  grams  of  HES9053.  HES  9053  has  a  flame  temperature  above  3550°K.  For 
comparison,  JA-2  used  in  several  KE  tank  rounds  has  a  flame  temperature  of  3410‘’K  and  HC  33 
used  in  the  M791,  under  3200'’K.  This  616W  has  proven  to  be  a  very  aggressive  round  producing 
a  barrel  life  of  less  than  300  rounds  in  the  standard  (non-plated)  M242  barrel. 

This  modeling  effort  uses  the  chemistry  of  A-723  gun  steel.  This  material  (in  type  II  form)  is 
currently  the  material  used  for  manufacture  of  barrels  for  the  M256  tank  cannon.  The  original 
barrel  in  the  M242  was  of  D6AC.  Current  barrels  can  be  manufactured  of  D6AC  or  CrMoV 
steels.  A-723  and  D6AC  are  variants  of  the  4340  class  of  steels.  A-723  and  D6AC  have  similar 
reactivity  with  the  propellants  used  in  the  analysis 


RESULTS  AND  DISCUSSION 

For  this  thermochemical  erosion  analysis,  any  propellant-wall  combination  can  be  modeled, 
each  mechanism's  importance  is  identified,  computer  resources  are  modest  (high  end  PC), 
parametric  analysis  is  possible,  and  incremental  upgrades  are  feasible.  However,  this  approach 
requires  engineering  judgement  and  extrapolations  are  questionable. 

The  NOVA  analysis  outputs  the  pressure,  velocity,  and  temperature  core  flow  as  a  function 
of  time  and  travel.  The  BLAKE  analysis  outputs  pressure-temperature-compressibility  data  as 
well  as  thermochemistry  data. 

The  TDK  /  MABL  analysis  outputs  adiabatic  wall  recovery  enthalpy  (H,)  and  adiabatic  wall 
temperature  (T„.)  data  as  a  function  of  time  and  travel.  The  recovery  enthalpy  is  the  potential 
chemistry  driver  where  the  heat  transfer  approaches  zero  and  the  adiabatic  wall  temperature  is  the 
potential  temperature  without  reactions.  The  TDK  /  MABL  analysis  also  outputs  cold  wall  heat 
transfer  rate  (Q^J  data  as  a  function  of  time  and  travel.  This  heat  transfer  rate  is  the  wall  heat 
flux  evaluated  at  the  cold  wall  temperature. 

The  TDK  /  MABL  heat  and  mass  transfer  model  includes  the  following  three  equations.  The 
first  equation  for  mass  addition  to  the  boundary  layer,  the  second  equation  for  heat-to-mass 
transfer  ratio,  and  the  third  equation  for  the  overall  correlation  between  the  first  and  second 
equations: 
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reU,Ch„  =  Q,^(H,-H^)  (1) 

r,  U,  Chb  =  Mdotg/B.;  Le  =  1  (2) 

Cht/Ch,,  =  f(B.,  Hv)  =  1  -  (h  Mdotg/r.  U.  ChJ  (3) 

where  r*is  edge  density,  U*  is  edge  velocity,  Ch„  is  Stanton  number  without  blowing,  is  cold 
wall  heat  transfer,  H^is  recovery  enthalpy,  Hg„  is  gas-wall  enthalpy,  Chb  is  Stanton  number  with 
blowing,  Mdotg  is  gas  mass  transfer,  Le  is  the  Lewis  number,  B,  is  ablation  potential,  :^is 
molecular  weight,  h  =  a(M,„e/M^***’,  h  is  related  to  the  molecular  dififiision  of  the  gas  into  the 
boundary  layer,  M„e  is  the  molecular  weight  of  the  inviscid  core  at  the  edge  of  the  boundmy  layer, 

is  the  molecular  weight  of  the  injected  gas,  a  is  the  coefficient,  and  b  is  the  exponent 

The  TDK  /  CET  analysis  outputs  inert  gas-wall  enthalpy  (Hg„)  and  reacting  gas-wall  enthalpy 
( Hg„)  data  as  a  function  of  pressure  and  temperature  for  nitrided  A723  walls,  cracked  and 
uncracked  chromium  plated  A723  walls,  and  cracked  and  uncracked  tantalum  sputtered  A723 
walls.  This  analysis  also  outputs  condensed  phase  mass  fraction  (C^g)  and  ablation  potential  (BJ 
data  as  a  function  of  pressure  and  temperature  for  these  five  walls.  Choosing  chemical 
equilibrium  species  requires  considerable  experience,  since  they  may  not  actually  exist  due  to 
kinetic  blocking.  These  products  are  confirmed  by  experimental  gas-wall  analyses  for  metal 
combustion  products  and  other  applicable  literature  data  [9]. 

The  TDK  /  CET  thermochemical  gas-wall  analysis  is  a  practical  approximation  of  the 
gun  barrel  bore  surface  due  to  sufficient  combustion  gas  activation  energy  (high  temperature)  and 
collisions  (high  pressure)  needed  for  fast  gas-wall  reaction  rates.  The  TDK  /  CET  ablation  model 
assumes  that  as  the  gas  diffuses  to  the  wall,  it  reacts  to  form  products  as  follows: 

B.=  (C„-C,g)/Cg  =  (Cpg-Cg)/Cg  (4) 

where  B,  is  the  ablation  potential,  C„  is  the  mass  fraction  of  wall  material,  Cg  is  the  mass  fraction 
of  the  gas  edge,  C^g  is  the  mass  fraction  of  condensed  phase  products,  and  Cpg  is  the  mass  fraction 

of  product  gas  [9]. 

Figure  la  plots  experimental  system-specific  gas-wall  kinetic  rate  data,  normalized  mass 
fraction  versus  temperature,  from  a  thermogravimetric  analysis  of  the  gas-A723,  gas-chromium, 
and  gas-tantalum  couples  needed  for  MACE  code  input.  Notable  features  include  the  gas-wall 
reaction-limited  temperature  (T,)  and  gas- wall  diffusion-limited  temperature  (T^)  [9].  Tr  is  about 
800  F  for  gun  steel,  1800  F  for  chromium,  and  2000  F  for  tantalum.  Figure  lb  plots  expenmental 
material-specific  wall  softening  data,  normalized  hardness  versus  temperature,  fi'om  a 
thermomechanical  analysis  of  these  materials  needed  for  MACE  code  input.  Notable  features 
include  the  transformation  temperature  (T,)  of  about  1300  F  for  A723  steel.  Additional  wall 
softening  data  includes  the  melt  temperature  (TJ  of  about  2700  F  for  A723  steel,  3300  F  for 
chromium,  and  5300  F  for  tantalum. 

The  MACE  code  calculates  the  actual  thermochemical  response  including  wall  ablation, 
conduction,  and  erosion  using  the  output  of  the  above  analyses  and  experimental  or  literature  gas- 
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wall  kinetic  rate  data.  Figures  2a  and  2b  plot  respective  shot  1  and  shot  1 50  MACE  analysis 
outputs  of  nitrided  A723  wall  temperature  (TJ  data  as  a  function  of  time  at  two  axial  positions 
(6",  12")  and  using  two  round  types  (M791,  616W).  Figures  3a  and  3b  plot  respective  shot  1  and 
shot  150  MACE  analysis  outputs  of  0.002"  chromium  plated  A723  wall  temperature  (TJ  data  as 
a  function  of  time  at  two  axial  positions  (6",  12")  and  using  two  round  types  (M791,  616W). 
Figures  4a  and  4b  plot  respective  shot  1  and  shot  150  MACE  analysis  outputs  of  0.002"  tantalum 
sputtered  A723  wall  temperature  (TJ  data  as  a  function  of  time  at  two  axial  positions  (6",  12") 
and  using  two  round  types  (M791,  616W).  For  the  MG42  analysis  with  its  two  round  types 
(M791,  616W),  independent  of  shot  number  (#1,  #150),  notable  features  predict  the  1.3  - 1.4 
times  higher  refractory  metal  (both  chromium  plated  A723  and  tantalum  sputtered  A723)  T„  s 
compared  to  nitrided  A723  due  to  A723  steel’s  higher  ablative  boundary  layer  thickening  arid 
lower  thermal  conductivity.  For  both  round  types  and  a  given  wall,  a  100  -  1 80  F  decrease  is 
predicted  from  the  6"  to  12"  axial  position.  For  the  M791  round  type  and  a  given  wall, 
approximately  a  300  -  350  F  increase  in  wall  temperature  is  predicted  from  shot  1  to  shot  150. 

For  the  616W  round  type  and  a  given  wall,  approximately  a  350  -  400  F  increase  in  wall 
temperature  is  predicted  from  shot  1  to  shot  150. 

Temperature  calculated  by  the  MACE  module  were  compared  to  temperatures  calculated  by 
the  FDHEAT  code  [17],  FDHEAT  is  a  finite  difference  heat  transfer  program  that  calculates  the 
transient  temperature  distribution  in  a  multilayered  cylinder  where  each  layer  is  characterized  by 
an  orthotropic  material  definition.  The  program  models  radial  heat  flow  and  axial  heat  flow 
separately.  The  material  properties  are  assumed  to  be  a  function  of  temperature.  An  implicit 
numerical  scheme  is  used  to  solve  the  radial  heat  conduction  equation.  Heat  transfer  to  the  bore 
surface  is  derived  from  interior  ballistics  modeling,  usually  using  the  program  XNOVAKTC. 
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The  TABLE  1  compares  the  maximum  calculated  temperatures  at  the  coating  -  A723  interface 
at  the  two  axial  positions  (6",  12")  for  the  two  round  types  (M791,  616W)  and  the  two  bore 
coating  materials  (Ta,  Cr).  The  MACE  calculations  used  an  average  rate  of  70  shots  per  minute  to 
represent  the  Cycle  A  firing  scenario  while  the  FDHEAT  program  modeled  the  actual  bursts  of 
the  firing  cycle.  This  comparison  is  made  because  the  FDHEAT  program  has  been  proven 
accurate  when  compared  to  actual  test  firing  results.  [(Tp^heat  ■  Tx4ace)^fdheat]  ^  ^ 

Figures  5a  and  5b  plot  respective  shot  1  and  shot  150  MACE  analysis  outputs  of  nitrided 
A723  wall  erosion  (Log  S;  S=  in  /  shot)  data  as  a  function  of  time  at  two  axial  positions  (6",  12") 
using  two  round  types  (M791,  616W).  Figures  6a  and  6b  plot  respective  shot  1  and  shot  150 
MACE  analysis  outputs  of  0.002"  uncracked  chromium  plated  A723  wall  erosion  (Log  S;  S=  in  / 
shot)  data  as  a  function  of  time  at  two  axial  positions  (6",  12")  using  two  round  types  (M79 1 , 
616W).  Figures  7a  and  7b  plot  respective  shot  1  and  shot  150  MACE  analysis  outputs  of  0.002" 
cracked  (1.0%  area  by  metallography)  chromium  plated  A723  wall  erosion  (Log  S;  S=  in  /  shot) 
data  as  a  function  of  time  at  two  axial  positions  (6",  12")  using  two  round  types  (M791,  616W). 
Figures  8a  and  8b  plot  respective  shot  1  and  shot  1 50  MACE  analysis  outputs  of 0.002" 
uncracked  tantalum  sputtered  A723  wall  erosion  (Log  S;  S=  in  /  shot)  data  as  a  function  of  time 
at  two  axial  positions  (6",  12")  using  two  round  types  (M791,  616W).  Figures  9a  and  9b  plot 
respective  shot  1  and  shot  150  MACE  analysis  outputs  of  0.002 '  cracked  (0.3%  area  by 
metallography)  tantalum  sputtered  A723  wall  erosion  (Log  S;  S=  in  /  shot)  data  as  a  fiinction  of 
time  at  two  axial  positions  (6",  12")  using  two  round  types  (M791,  616W). 

For  the  M242  analysis  with  its  two  round  types  (M791,  616W),  at  two  axial  positions  (6  , 

12"),  predicted  shot  1  and  shot  150  (cycle  A,  approximately  70  rpm)  erosion  comparisons  are 
made  for  cracked  and  uncracked  0.002"  chromium  plated  A723  steel,  cracked  and  uncracked 
0.002"  tantalum  sputtered  A723  steel,  and  nitrided  A723  steel.  For  this  analysis  with  its  two 
round  types  (M791,  616W),  notable  features  predicted  thermochemical  erosion  is  2..0  -  2.5  times 
lower  for  cracked  chromium  plated  A723  steel  compared  to  nitrided  A723  steel  and  4.0  -  6.4 
times  lower  for  cracked  tantalum  sputtered  A723  steel  compared  to  nitrided  A723  steel.  Since 
uncracked  chromium  plated  and  tantalum  sputtered  A723  steel  is  virtually  uneroded 
(approximately  lE-9  in/shot),  it  appears  that  A723  steel  ablation  at  the  chromium  and  tantalum 
cracks  leaves  unsupported  chromium  and  tantalum,  which  is  subsequently  removed  by  the  high¬ 
speed  gas  flow.  For  both  round  types  (M791,  616W)  and  a  given  wall,  a  3  -  5  times  decrease  in 
erosion  is  predicted  from  the  6"  to  12"  axial  position.  For  the  M791  round  type  and  a  given  wall, 
a  5  -  30  times  increase  in  erosion  is  predicted  from  shot  1  to  shot  150.  For  the  616W  round  type 
and  a  given  wall,  a  12  -  50  times  increase  in  erosion  is  predicted  from  shot  1  to  shot  150.  For  the 
five  eroded  walls  and  two  type  round  combinations  in  Figures  5-9,  the  T„’s  from  Figures  2-4 
applied  to  Figures  la  -  lb  show  gas- wall  reactions  and  cracking  predominate  since  each  of  these 
combinations  exceeded  their  T/s,  but  none  exceeded  their  T,’s. 

In  his  portion  of  the  report  on  M242  barrel-ammunition  analyses  [  1 8],  Cox  reports  that  barrel 
number  12374  was  exposed  to  205  shots  with  effect  exactly  like  that  of  616W.  Material  loss 
measured  at  5.5"  from  the  rear  face  of  the  tube  ( approximately  6"  from  base  of  case)  was  .011". 
This  averages  to  5.4E-5"  per  shot  compared  to  3.2E-5"  per  shot  calculated  by  the  MACE 
analysis.  Extrapolated,  the  MACE  analysis  would  predicts  .0066".  Experience  with  actual  firing 
and  with  the  code  suggests  that  erosion  is  not  linear  with  shot  number  but  tends  to  increase  as 
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firing  continues.  Thus  the  extrapolated  value  of  .0066"  may  be  considered  a  low  value.  Still  the 
difference  between  the  calculated  value  and  the  measured  value  is  only  about  40%  of  the 
measured  value.  This  is  certainly  the  right  order  of  magnitude  and  indicates  very  good  agreement 
without  the  laboratory  determination  of  the  reaction  rates  of  combustion  gas  species  -  wall 
reaction  that  could  be  done  to  further  refine  the  modeling. 
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ABSTRACT 

The  performance  of  a  threaded  connection  is  dependent  on  the  shape  or 
form  of  the  screw  threads  used.  This  paper  demonstrates  the  elastic-plastic 
behavior  of  three  thread  forms  vshich  have  been  isolated  from  any  specific 
structure.  Single  pairs  of  threads,  from  a  long  chain  of  identical  thread 
pairs,  are  analyzed  using  identical  displacem^t  loads.  In  this  way  the 
basic  characteristics  of  the  forms  may  be  studied  without  the  confusion  of 
a  more  complex  structure.  A  shear  deformation  is  applied  which  takes  each 
thread  to  near  failure,  with  the  results  plotted  as  the  Shear  Transfer  Stress 
vs.  Shear  Deformation.  The  work  is  a  comparison  of  three  different 
threads,  a  3  degree  buttress  thread,  the  7  degree  buttress,  and  the  20 
degree  buttress.  The  results  clearly  show  that  the  20  degree  buttress 
thread  can  support  a  greater  shear  load  before  failure. 

INTRODUCTION 

The  threaded  connection  is  an  important  part  of  many  complex 
structures  and  is  frequently  a  critical  fatigue  or  safety  element.  Nearly 
everyone  is  familiar  with  the  common  bolt  system  which  may  include  high 
strength  aircraft  and  Class  8  bolts.  High  strength  bolts  make  use  of  close 
control  of  the  thread  shape  and  material  properties  as  defined  in  a  series 
of  National  and  International  Standards  dociunents.  This  type  of  design 
control  is  necessary  for  bolts  and  related  fasteners,  because  they  are 
meant  for  general  usage  and  maximum  interchangeability.  This  system 
uses  the  30  degree  'V  thread  form  and  has  been  very  successful  for  many 
decades.  The  breech  closure  of  cannons  ustially  has  a  threaded  connection 
between  the  breech  ring  and  the  gun  barrel  and  may  have  another 
between  the  breech  ring  and  the  breech  block.  There  are  some  cannons  in 
the  field  with  a  fourth  major  element  in  the  breech  closure  which  is  a 
bushing  between  the  block  an  the  ring,  which  adds  another  threaded 
connection.  These  are  distinctly  imcommon  connections  where  general 
interchangeability  is  of  no  value  and  is  required  only  between  components 
of  the  same  gun  type.  Here  the  30  degree  'V'  is  never  used  and  nearly  all 
guns  use  some  type  of  buttress  thread.  The  buttress  style  thread  is 
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characterized  as  an  asymmetric  form  with  a  45  degree  angle  on  the 
unloaded  flank. 

While  this  author  has  knowledge  of  18  different  buttress  thread  forms 
this  report  wUl  concentrate  on  only  3  of  them.  These  three  were  chosen 
because  of  they  aU  are  in  use  on  large  cannon  and  are  aU  characterized  as 
high  performance  threads.  The  3  degree  buttress  thread  is  used  on  the 
120  mm  M256  Tank  gim  which  was  originally  developen  in  Germany.  It 
wUl  be  identified  in  this  report  as  the  FRG  thread.  The  7  degree  buttress 
thread,  used  on  the  105  mm  Gim  M68  which  was  originally  designed  in 
England  and  wUl  be  referred  to  as  the  UK  thread.  The  last  is  the  20  degree 
buttress  thread  vshich  has  been  used  on  all  US  designed  cannon  since  its 
development  in  1962  ( 1-2).  It  will  be  referred  to  as  the  Benet  thread.  They 
all  are  high  performance  threads  and  feature  generous  root  radii  to  help 
control  the  stress  concentration  at  the  thread  root.  Because  this  report  wUl 
attempt  to  compare  the  fundamental  characteristics  of  the  threads  all 
dimensions  wUl  the  the  nominal  size  for  a  thread  of  unit  (1.0)  pitch.  These 
dimensions  are  given  in  Table  I. 


Table  I 

Thread  Dimensions  for  a  Unit  Pitch 


Thread  Type 


FRG 

UK 

Benet 

Loaded  Face  Angle 

3.0 

7.0 

20.0 

Read  FaceAngle 

45.0 

45.0 

45.0 

Root  Radius 

0.125 

0.120 

0.133 

Addendum 

0.230 

0.1875 

0.2013 

Dedendum 

0.270 

0.3045 

0.2774 

Tip  Radius 

0.040 

0.030 

0.0480 

Bearing  Height 

0.3842 

.3223 

0.3394 

Shear  Width 

0.6595 

0.7107 

0.7311 

ELASTIC  ANALYSIS 

The  elastic  analysis  can  proceed  on  two  levels,  the  strengfli  of  materials 
approach  and  the  Finite  Element  approach.  The  strength  on  materials 
approach  is  as  simple  as  the  load  divided  by  area  to  calculate  the  average 
bearing  stress  or  shear  stress.  The  stress  in  the  root  fillet  of  the  thread 
requires  a  more  complex  approach  because  this  is  a  set  of  two  different 
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stress  concentration  factors.  One  stress  concentration  is  a  finction  of  the 
thread  load  and  the  other  is  a  tensile  stress  concentration  related  to  the 
general  stress  field  in  the  component.  The  thread  load  concentration  can  be 
calculated  from  the  work  of  R.B.  Heywood  (3)  and  the  Tensile  stress 
concentration  from  Neuber's  (4)  work.  The  combination  has  been  explored 
by  this  author  (5)  in  a  report  "Stress  Concentrations  in  Screw  Threads". 
This  paper  will  concentrate  on  the  fundamental  effects  of  the  variation  in 
shape  of  individual  thread  teeth  and  will  only  report  the  tensile  stress 
concentration  without  further  comment. 

The  key  item  in  any  stress  calculation  is  the  selection  an  appropriate 
applied  load.  In  the  case  of  screw  threads  this  is  a  complicated  issue 
because  the  individual  thread  loads  are  not  known  apriori  and  can  only  be 
determined  by  a  complex  analysis  of  the  loaded  joint.  But  this  report  is  a 
comparison  of  thread  forms  and  requires  only  a  consistent  load  for  all 
cases.  Here  it  is  useful  to  use  the  concept  of  'shear  transfer’,  or  the  local 
average  shear  stress  transferred  at  the  pitch  cylinder.  This  will  be  used  as 
a  nominal  stress  for  calculating  thread  related  stress  concentrations.  Using 
the  strength  of  materials  approach  for  the  three  subject  thread  forms  are 
given  in  table  II.  The  tensile  stress  concentration  factor  (SFC)  is  based  on 
nominal  stress  in  the  component  not  the  thread  loads. 


Table  II 

Thread  Stress  Concentration  factors 
Thread  Type 


FRG 

IM 

Benet 

Fillet  stress 

9.886 

8.584 

5.940 

Bearing  Stress 

2.910 

3.103 

2.946 

Shear  Stress 

1.424 

1.497 

1.421 

Tensile  SCF 

2.377 

2.565 

2.538 

ELASTIC-PLASTIC  ANALYSIS 

Elastic-plastic  analysis  cannot  be  done  by  simple  strength-of-materials 
analysis  and  must  be  done  by  the  finite  element  method.  Again  this  is  a 
comparative  report  and  the  analysis  will  be  done  for  a  single  pair  of 
mating  threads  with  a  unit  pitch  and  a  small  portion  of  the  adjoining 
structure.  This  is  called  isolation  analysis  in  winch  a  small  part  of  a  larger 
problem  is  isolated  for  a  specific  analytic  goal.  In  this  case  comparing 
different  geometries  under  similar  loads  and  boundary  conditions.  In  this 
case  the  following  assumptions  are  made. 


O'Hara 


1)  This  is  an  axisymmeteric  problem  (no  helix  angle). 

2)  This  is  one  pair  of  a  long  set  of  identical  thread  pairs. 

3)  Load  is  transferred  away  from  the  threads  in  shear  only. 

4)  There  is  no  general  tensile  stress  field. 

5)  Radial  displacement  on  the  left  and  right  boimdaries  is  zero. 

6)  All  threads  in  the  set  have  equal  loads. 

7)  A  shear  load  wiU  be  apphed  adross  the  outer  oundries. 

The  first  assiunption  is  satisfied  by  the  selection  of  an  8  node  quadrilateral 
axisymmetric  element  type.  The  next  four  require  an  extensive  set  of 
fixed  constraints  and  constraint  equations.  These  constraints  cover  all 
boundaries  of  the  model  except  the  thread  form  itself,  i.e.  the  left,  right, 
top  and  bottom  boundaries.  The  two  individual  threads  interact  through  an 
Slide  Line  contact  with  zero  friction. 

While  an  apphed  load  was  used  for  elastic  analysis,  a  displacement  load 
is  more  appropriate  to  the  goals  of  elastic-plastic  work  where  the  structure 
wiU  be  taken  to  near  failure  conditions.  In  this  case  the  left  (umer) 
boundary  wih  be  held  at  zero  displacement  and  the  right  (outer)  will  be 
displaced  in,  in  the  axial  direction  by  4%  of  the  pitch  dimension.  This  is 
sufficient  to  bring  aU  thread  forms  to  near  failure  in  shear.  This 
displacement  is  apphed  in  an  average  sense  by  using  constraint  equations 
and  giving  the  fixed  constraint  to  a  single  node.  The  final  results  whl  then 
be  given  as  a  plot  of  shear  transfer  stress  vs.  displacement  from  0  to  0.04 
pitch  units.  A  second  load  step  wih  then  be  used  to  release  the  fixed 
constraint  an  ahow  the  thread  pair  to  imload  to  a  new  deformed  shape. 

MODELING 

Each  two  body  model  consisted  of  identicahy  shaped  thread  teeth, 
interacting  along  the  zero  friction  shding  contact  surface.  In  the  isolation 
analysis  concept  a  smah  portion  of  the  abjoining  bodies  is  retained  which 
consisted  of  an  square  1.0  pitch  high  and  1.0  pitch  in  the  radial  direction. 
Each  of  these  bodies  was  modeled  as  920  elements,  which  allowed  about 
20  elements  on  the  contact  surface  and  20  in  the  primary  fihet.  It  also 
aUowed  a  high  element  density  across  the  base  of  the  thread  where  the 
plastic  behavior  wiU  ocorr.  The  ABAQUS  (5)  finite  element  code  was  used, 
with  a  typical  mesh  is  shown  in  figure  1.  It  should  be  noted  that  aU  of  the 
meshes  in  this  study  were  topologically  similar  with  the  same  node 
numbers  on  all  boundries  fillets  and  contact  surfaces.  The  radius  of  the 
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pitch  cylinder  is  10.0  with  the  centerline  to  the  left.  This  makes  the  left 
thread  the  external  thread  and  the  right  the  internal  one. 


A  typical  mesh  of  a  thread  pair 


The  material  model  was  the  same  high  strength  steel  for  each  tooth  and 
each  thread  geometry.  The  model  was  a  bilinear  shape  with  a  Yonug's 
modulus  of  196,700  mPa.  and  a  Poisson's  Ratio  of  0.285.  The  yield  stress  of 
1122  mPa.  was  foUlowed  by  a  small  hardening  slope  of  2,732  mPa.  The 
deformation  was  0.040  (4%)  was  applied  to  the  right  hand  boundry.  A 
second  load  step  was  used  to  release  the  applied  load  on  calculate  the 
perminant  deformation. 

RESULTS 

The  results  for  all  three  thread  forms  are  similar  in  appearance  and 
only  a  sample  of  the  general  results  will  be  given  here.  Figure  2  shows  an 
outline  of  the  UK  thread  pair  along  with  superimposed  deformed  outlines 
of  the  shape  at  maximum  load.  The  two  deformed  outlines  are  for  a 
displacement  magnification  of  2.5  and  5.0  times  the  actual  deformation. 
Figure  3  is  a  contour  plot  of  maximum  Mises  Equivalent  Stress  for  the  FRG 
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Undeformed  and 
Deformed  Outlines 
at  Maximum  load. 


Undeformed 
Maginfication  =  2.5 
Maginfication  =  5.0 
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Figure  -  5 


Figure  -  6  UK  Thread 


Plots  of  the  Shear 
Transfer  Stress 
vs. 

Shear  Displacement 

for  five  critical 
locations  in  the 
thread  pair. 

1)  ID  boundary 

2)  External  Root 

3)  Pitch  Cylinder 

4)  Internal  Root 

5)  OD  Boundary 


Figure  -  7  Benet  Thread 
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tliread.  Figure  4  is  another  contour  plot  but  this  time  it  is  the  R-Z  Shear 
Stress  for  the  Benet  thread. 

The  final  three  Figures  5  -  7  show  plots  of  Shear  Transfer  Stress  (Shear 
Stress)  vs.  Shear  Displacement  for  five  points  in  the  problem.  The  first 
point  is  the  left  hand  boimdary  which  is  fixed  at  zero  and  shows  only  the 
maximum  shear  stress.  The  second  is  the  root  of  the  inner  or  external 
thread  and  is  the  deformation  of  the  inner  body  caused  by  the  applied 
thread  load.  This  is  nearly  linear  and  with  only  a  small  plastic  deformation. 
The  third  curve  is  the  average  contact  surface  deformation  at  the  pitch  line 
and  displays  a  strong  plastic  deformation  with  a  large  permanent  set.  The 
fourth  curve  is  the  deformation  of  the  root  of  the  right  or  internal  thread. 
This  shows  the  elastic-plastic  deformation  of  both  threads  in  the  pair  plus 
the  left  body  portion,  it  is  strongly  nonlinear  and  shows  substantial 
permanent  set.  The  last  curve  is  the  right  hand  boundary  with  a  maximum 
deformation  of  .04  which  is  the  appUed  deformation.  The  permanent  set  ot 
the  fourth  and  fifth  curves  is  the  same,  which  demonstretes  the  linear 
behavior  of  the  outer  body  portion. 

The  last  result  shown  here  is  the  stress  stress  condition  vshich  is 
calculated  using  the  elastic  stress  factors  and  the  maximum  load  in  the 
elastic=plastic  analysis.  These  can  be  compaired  with  the  tensile  >deld  of 
1122  mPa.  and  shear  yield  of  561  mPa. 

Table  III 

Elastic  Stresses  calculated  from  the  maximum  load. 

Thread  Type 


Shear  Transfer 
Fillet  stress 
Bearing  Stress 
Shear  Stress 


FRG 

UK 

Benet 

418 

438 

503 

4133 

3759 

2988 

1217 

1359 

1482 

595 

655 

715 

DISCUSSION 

As  noted  above  the  general  behavior  of  all  three  fiireads  is  similar  in 
appearance,  however  the  details  are  substantially  different.  The  first 
elastic  analysis  results  show  a  strong  difference  in  the  basic  fillet  stress  of 
the  different  thread  forms.  The  data  given  here  is  supported  by  the  work 
in  reference  2  and  other  unpubhshed  finite  element  analysis.  This  is  the 
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one  of  the  factors  which  control  fatigue  life  of  threaded  connections.  The 
other  is  the  the  tensile  stress  concentration  factor  which  is  not 
substantially  different.  In  the  Elastic-plastic  analysis  all  threads  show  a 
well  defined  zone  of  high  shear  across  the  base  of  the  thread  starting  at 
the  tip  of  the  mating  thread  (figures  3  and  4).  This  shear  effect  is  larger  on 
the  external  thread  because  the  shear  zone  is  at  a  smaller  radius  and 
therefore  is  smaller  in  size.  This  effect  could  be  different  if  the  two  threads 
in  a  pair  were  made  of  different  materials,  with  different  yield  strengths. 
Another  similarity  is  that  all  the  threads  show  a  strong  elastic  recovery 
upon  unloading.  However  one  of  the  most  unportant  things  to  note  is  that 
the  change  from  nearly  linear  behavior  to  plastic  behavior  is  rather  sharp 
an  looks  much  like  the  stress-strain  curve  of  a  common  tensile  specimen. 
At  the  maximum  deformation  of  4%  in  these  solutions  these  threads  are  all 
progressing  to  failure  with  little  increase  in  load  and  will  only  need 
sufficient  energy  to  progress  to  final  failme. 

The  data  from  Table  III  shows  that  at  the  large  deformation  is  required 
to  produce  shear  failure,  all  the  threads  show  smular  problems.  The 
average  bearing  stress  is  over  the  material  yield  and  a  detailed 
examination  of  the  deformed  shapes  doed  confirm  this  fact.  A  more 
striking  fact  is  that  the  fillet  stress  exceeded  yield  by  a  factor  of  2.6  to  3.7. 
Clearly  the  actual  design  load  for  these  threads  must  be  set  well  below  any 
level  which  would  reasonably  approach  the  shear  failure  load  and  that 
load  will  be  set  from  fillet  stress  or  bearing  stress  considerations.  Another 
problem  is  that  shear  stress  is  frequently  calculated  at  the  pitch  line  which 
has  nothing  to  do  with  any  reasonable  f^ure  mode  in  cannon. 

This  work  addresses  two  other  areas  of  concern  about  the  behavior  of 
threads  in  threaded  conncetions.  First  is  the  idea  that  a  thread  to  thread 
pitch  error  can  be  corrected  by  plastic  deformation.  Second  the  question  of 
wheather  or  not  moderate  overloads  will  cause  serious  consequence.  This 
work  tends  to  downplay  the  first  idea  because  the  behavior  remains 
nearly  linnpar  at  substantial  deformations  of  0.75  to  1.0  %  of  the  pitch 
dimension.  One  percent  of  a  10  mm  pitch  would  be  0.10  mm  which  would 
be  a  large  thread  to  thread  error.  At  the  Sctme  time  the  analysis  shows  a 
strong  elastic  recovery  after  the  4%.  This  would  tend  to  remforce  the 
second  idea,  that  threads  may  be  damage  tolerant  when  subjected  to 
moderate  overloads. 

The  last  point  is  that  this  report  is  an  outline  of  an  analytical  tool  which 
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can  easily  be  expanded  to  study  a  wide  range  of  other  loading  and  material 
conditions.  An  examle  of  this  is  that  the  radial  deformation  of  either  the 
left  or  right  boundries  could  be  set  to  any  desired  value  or  a  general  axial 
stress  condition  can  be  simulated  in  either  body  of  the  analysis.  This  type 
of  analysis  could  be  useful  in  design,  analysis  of  the  evaluation  of  failure 
conditions  and  the  study  of  the  residual  stresses  in  threads. 

CONCLUSIONS 

This  report  outlines  an  analytic  method  which  may  be  very  useful  in 
the  detailed  study  of  threaded  connections.  However  many  of  the  results 
are  not  new  and  only  tend  to  reinforce  conventional  notions  of  thread 
failure. 

The  results  also  tend  to  reinforce  the  use  of  the  Benet  thread  for  cannon 
breech  closures.  This  thread  form  has  achieved  a  shear  failure  stress  which 
is  in  excess  of  the  failure  stress  calculated  from  the  simple  strength  of 
materials  analysis. 
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APPLICATION  OF  SUB-MODELS  TO  EXPLORE  GEOMETRIC  EFFECTS  IN 

MEDIUM  CALIBER  GUN  BARRELS 

PJ.  McMullen 

Concurrent  Technologies  Corporation 
Johnstown,  Pennsylvania,  USA  15904 


ABSTRACT 

To  understand  the  influence  of  geometry  On  the  thermal  gradients  established  in  a  25mm 
M242  gun  barrel  during  a  firing  sequence,  three  sub-models  of  common  near-bore  features  are 
analyzed.  The  first  sub-model  is  used  to  study  the  effect  of  land/groove  configuration  on 
development  of  the  radial  thermal  gradient.  The  analytical  results  are  compared  to  data  obtained 
from  actual  firing  tests.  The  second  sub-model  is  used  to  study  the  effect  of  a  variation  in  the 
bore  surface  chrome  plating  thickness  on  the  radial  thermal  gradient.  The  final  sub-model  is 
used  to  study  the  effect  of  a  near-bore  thermocouple  hole  itself  on  the  radial  thermal  gradient  in  a 
gun  barrel.  Since  this  sub-model  is  computationdly  intensive,  simplified  sub-models  are  used  to 
study  various  near-bore  thermocouple  hole  depths.  Results  indicate  that  the  thermocouple  hole 
does  influence  development  of  the  radial  thermal  gradient. 


INTRODUCTION 

Medium  caliber  gun  barrels  are  required  to  operate  at  increasing  rates  of  fire,  approaching 
1000  shots  per  minute  (SPM),  with  sustained  bursts  of  150  rounds  for  a  6000  round  life.  High 
impetus  propellants  used  to  accelerate  modem  high  kinetic  energy  projectiles  generate  flame 
temperatures  up  to  3550K,  placing  severe  demands  on  barrel  and  rifling  integrity  for  sustained 
high  accuracy.  These  requirements  are  dictated  by  advanced  gun  system  performance 
specifications  that  demand  more  ordnance  on  target  at  a  longer  range,  leading  to  a  higher  kill 
probability  and  a  greater  safety  factor.  The  desired  performance  is  beyond  the  capability  of 
current  gun  barrel  materials. 

In  response  to  this  need,  the  Advanced  Gun  Barrel  Technology  Initiative  is  being 
conducted  by  the  National  Center  for  Excellence  in  Metalworking  Technology  to  improve  gun 
barrel  performance  through  a  coordinated  materials/product/process  effort.  The  project 


This  work  was  conducted  by  the  National  Center  for  Excellence  in  Metalworking  Technology,  operated  by 
Concurrent  Technologies  Corporation,  under  contract  to  the  U.S.  Navy  as  part  of  the  U.S.  Navy  ManTech  Program. 
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emphasizes  application  to  U.S.  Navy  gun  systems,  such  as  the  Phalanx  weapon  system,  but  the 
technology  will  also  be  applicable  to  weapon  systems  in  all  Services  and  adaptable  to  a  wide 
range  of  gun  calibers  [  1  ] . 

A  major  aspect  of  this  work  is  the  understanding  and  control  of  heat  generation  and 
transfer  during  firing.  Since  the  rate  of  energy  transferred  from  the  hot  propellant  gases  to  the 
bore  surface  of  the  gun  barrel  is  so  much  greater  than  the  rate  of  energy  transferred  radially 
through  the  barrel  wall,  the  rate  of  energy  stored  in  the  gun  barrel  is  high.  This  causes  large 
thermal  gradients  near  the  bore  surface.  By  introducing  geometric  discontinuities  in  areas  where 
large  thermal  gradients  are  present,  a  change  in  both  magnitude  and  direction  of  the  thermal 
gradient  can  occur.  Three  specific  sub-models  are  used  to  determine  the  effect  of  near-bore 
geometric  features  on  thermal  gradients  that  occur  during  a  firing  sequence.  The  purpose  of  this 
paper  is  to  present  the  results  of  these  analyses  and  their  implications  for  further  development. 


DESCRIPTION  OF  MODELS 
Land/Groove  Configuration  Model 

The  purpose  of  the  Land/Groove  Configuration  Model  is  to  determine  the  effect  of  rifling 
in  a  gun  barrel  on  the  development  of  the  radial  thermal  gradient  during  a  firing  sequence.  To 
take  advantage  of  symmetry  in  the  rifling,  a  two-dimensional  finite  element  model  of  a  10 
segment  cut  through  half  of  a  land  and  half  of  a  groove  is  used  for  the  transient  thermal  analysis 
(see  Figure  1).  This  segment  is  located  approximately  172mm  from  the  breech  end  of  the  gun, 
the  area  where  the  largest  thermal  gradients  occur.  The  analysis  was  run  using  the  ANSYS 
finite  element  code.  In  order  to  accurately  model  the  thermal  response  of  the  gun  barrel  to  a 
firing  sequence,  a  transient  thermal  analysis  is  required.  Gas  temperature  and  film  coefficient 
predictions  with  respect  to  shot  time  for  the  M791  round  were  generated  by  a  Benet  Laboratories 
internal  ballistics  code.  These  thermal  boundary  conditions  are  applied  to  the  entire  edge  of  the 
land  and  the  groove  for  a  five  round  burst  fired  at  85  SPM.  The  actual  time  to  fire  five  shots  is 
3.54  seconds.  A  cool-down  time  of  6.46  seconds  after  the  fifth  shot  is  included  in  the  model  to 
compare  analytical  results  to  actual  firing  test  temperature  data. 

Modeling  assumptions  are:  1.  Axial  conduction  is  negligible;  2.  Temperature 
independent  material  properties  for  the  chrome  plating  and  the  steel  jacket  are  used  in  the  model; 
3.  Radiation  effects  are  negligible;  4.  Chrome  plating  is  a  constant  thickness  of  0.102mm  (0.004 
inch)  on  both  the  land  and  the  groove;  5.  The  initial  temperature  of  the  barrel  is  constant  at 
68°C;  6.  The  interface  between  the  chrome  plating  and  the  steel  jacket  is  perfect  (100% 
conduction  from  chrome  plating  to  steel  jacket). 


®  ANSYS  is  a  registered  trademark  of  SAS  IP,  Houston,  PA  15342 
'  Benet  Laboratories,  Watervliet,  New  York  12189 
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Figure  1: 


Land/Groove  Configuration  Model 


Chrome  Platin2  Thickness  Comparison  Model 

The  purpose  of  the  Chrome  Plating  Thickness  Comparison  Model  is  to  determine  the 
effect  of  a  variation  in  the  bore  surface  chrome  plating  thickness  on  the  radial  thermal  gradient. 
The  same  type  of  model  used  for  the  Land/Groove  Configuration  study  is  used  to  study  the 
effects  of  varying  chrome  plating  thicknesses.  The  two  cases  analyzed  are  considered  to  be  the 
limiting  cases.  Case  one,  which  represents  the  minimum  amount  of  chrome  that  should  be 
present  in  this  barrel,  assumes  a  constant  chrome  plating  thickness  of  0.102mm  (0.004  inch). 
Case  two,  which  represents  the  maximum  amount  of  chrome  that  should  be  present  in  this  barrel, 
assumes  a  constant  chrome  plating  thickness  of  0.254mm  (0.010  inch).  Figure  2  shows  the 
difference  between  the  two  finite  element  models.  Modeling  assumptions  are  the  same  as  those 
specified  for  the  Land/Groove  Configuration  Model. 
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Figure  2:  Chrome  Plating  Thickness  Comparison  Models 


Near-Bore  Thermocouple  Hole  Model 

The  purpose  of  the  Near-Bore  Thermocouple  Hole  Model  is  to  determine  the  effect  of  a 
near-bore  thermocouple  hole  itself  on  the  radial  thermal  gradient  in  the  gun  barrel  during  a  firing 
sequence.  Figure  3  shows  a  wireframe  segment  of  the  gun  barrel  with  the  entire  thermocouple 
hole  included.  To  take  advantage  of  symmetry  in  the  rifling  and  the  thermocouple  hole,  but 
neglecting  any  circumferential  thermal  effects,  a  three-dimensional  finite  element  model  of  a  10° 
segment  cut  through  half  of  a  land  and  half  of  a  groove  (1/4  of  the  thermocouple  hole  located  at  a 
land  centerline  is  included)  is  used  for  the  thermal  analysis  (see  Figure  4).  This  segment  is 
located  approximately  172mm  from  the  breech  end  of  the  gun.  There  are  23,750  8-noded 
hexahedral  elements  and  26,682  nodes  in  the  model.  Since  large  thermal  gradients  occur  near  the 
bore,  a  very  fine  mesh  is  used  in  this  region.  The  analysis  was  run  using  the  ANSYS  finite 
element  code.  In  order  to  accurately  model  the  thermal  response  of  the  gun  barrel  to  a  firing 
sequence,  a  transient  thermal  analysis  is  required.  Gas  temperature  and  film  coefficient 
predictions  with  respect  to  shot  time  for  the  616W  round  were  generated  by  a  Benet  Laboratories 
internal  ballistics  code.  These  thermal  boundary  conditions  are  applied  to  the  entire  surface  of 
the  land  and  groove  for  a  21  round  burst  fired  at  250  SPM.  The  actual  time  to  fire  21  shots  is 
5.04  seconds.  The  model  includes  a  15mm  axial  segment  of  the  barrel  referenced  from  the 
centerline  of  the  thermocouple  hole.  This  segment  is  modeled  to  compare  the  thermal  gradient  at 
the  hole  location  to  a  location  where  the  thermal  gradient  is  not  influenced  by  the  hole. 
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Figure  3:  Wireframe  Segment  of  Near-Bore  Thermocouple  Hole 


Finite  Element  Model 


Figure  4:  Near-Bore  Thermocouple  Hole  Model 


Modeling  assumptions  for  the  Near-Bore  Thermocouple  Hole  Model  are:  1 

Temperature  independent  material  properties  for  the  chrome  plating  and  the  steel  jacket  are  used 
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2.  The  surface  of  the  thermocouple  hole  is  adiabatic  since  the  volumetric  heat  transfer  to  the  air 
in  the  hole  is  minimal  compared  to  the  amount  of  heat  transferred  to  the  barrel;  3.  Seven  points 
from  the  calculated  film  coefficient  and  gas  temperature  versus  time  curves  are  used  for  each 
shot  (This  is  an  approximation  of  the  original  curves  which  contain  about  130  points.  T  ee 
points  are  used  for  the  blowdown  phase  of  each  shot.);  4.  Radiation  effects  are  negligible,  . 
Chrome  plating  is  a  constant  thickness  of  0.102mm  on  the  bore  surface;  6.  The  initial 
temperature  of  the  barrel  is  constant  at  68°C;  7.  The  interface  between  the  chrome  plaUng  ^d 
the  steel  jacket  is  perfect  (100%  conduction  from  the  chrome  plating  to  the  steel  jacket);  8^  or 
this  segment,  film  coefficient  and  gas  temperature  are  constant  in  the  axial  direction  of  the  bmel 
(These  conditions  actually  vary  along  the  length  of  the  barrel  during  any  given  shot.  This 
assumption,  for  comparison  purposes  only,  is  made  to  eliminate  any  potential  near-bore  axial 
thermal  gradient  that  may  influence  the  development  of  the  radial  thermal  gradient.);  9.  The  film 
coefficient  and  the  bulk  temperature  on  the  outer  surface  of  the  barrel  are  constant  at 
25W/(m^*°C)  and  21.rC  for  the  entire  shot  sequence  (This  simulates  a  natural  convection 
boundary  condition  on  the  exterior  of  the  gun  barrel.). 

Since  the  Near-Bore  Thermocouple  Hole  Model  is  computationally  intensive 
(approximately  one  day  in  CPU  time  to  calculate  temperatures  for  one  shot),  simplified  sub¬ 
models  were  developed  to  study  the  effect  of  various  near-bore  thermocouple  hole  depths  on  the 
development  of  the  radial  thermal  gradient.  Four  two-dimensional  axisymmetric  (symmetric 
about  the  thermocouple  hole  axis)  finite  element  models  with  different  thermocouple  hole  depths 
are  used  for  the  transient  thermal  analyses  (see  Figure  5). 


I —  Barrel 


[ 


S 


1.27mm  (50  mils) 
offset  from  ID 


[ 


2.54mm  (100  mils) 
offset  from  ID 


Figure  5:  Two-Dimensional  Axisymmetric  Near-Bore  Thermocouple  Hole  Models  (Edge  Plots) 
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The  purpose  of  these  sub-models  is  to  study  the  effect  of  various  near-bore  thermocouple 
hole  depths  on  the  thermal  gradient  with  reduced  computation  time  and  without  the  influence  of 
the  rifling.  Each  sub-model  is  analyzed  for  a  15  round  burst  of  616W  ammunition  fired  at  500 
SPM.  This  high  rate  of  fire  is  chosen  to  quickly  obtain  a  thermal  gradient  around  the 
thermocouple  hole. 


RESULTS  AND  CONCLUSIONS 
Land/Groove  Configuration  Model 

For  the  specific  five  round  burst  shot  schedule  of  M791  ammunition  studied,  the 
calculated  temperature  difference  between  the  land  and  groove  at  locations  consistent  with  the 
actual  thermocouple  locations  reached  about  30C°.  Figure  6  shows  the  thermocouple  hole 
locations  relative  to  the  land  and  the  groove.  Temperatures  for  thermocouple  lA  are  taken  from 
the  location  in  the  groove  region  where  an  actual  thermocouple  is  placed  for  the  test 
measurements  (1.27mm  from  the  surface  of  the  groove).  Temperatures  from  thermocouple  IB 
are  taken  from  the  location  in  the  land  region  where  an  actual  thermocouple  is  placed  for  the  test 
measurements  (1.27mm  from  the  surface  of  the  land). 


LAND  -  Thermocouple  IB 


GROOVE  -  Thermocouple  lA 


Actual  Thermocouple  Hole  Locations 


Thermocouple  Hole  Locations  in  Model 


Figure  6:  Actual/Model  Thermocouple  Hole  Locations 


The  calculated  results  for  the  specific  shot  schedule  show  a  lag  in  the  thermal  response  of 
thermocouple  lA  of  about  30C°  when  thermocouple  IB  shows  a  peak  temperature  for  the  fifth 
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shot  (see  Figure  7).  The  temperature  contour  plot  of  the  land/groove  region  can  be  seen  in  Figure 
8  for  the  fifth  shot  at  2.935  seconds  in  the  shot  sequence.  The  calculated  temperatures  at 
thermocouple  IB  and  thermocouple  lA  locations  are  230.18°C  and  199.40°C  respectively. 


ANSYS  Model  DaU 

LAND/GROOVE  Temperature  Comparison  for  5  Shots  @  $5  SPM  :  Axial  location  173mm 


Time,  seconds 

Figure  7:  ANSYS  Results  -  Temperature  Profile  for  Land  and  Groove  Thermocouple  Locations 
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Figure  8:  Land/Groove  Temperature  Profile  at  Time  =  2.935  seconds 
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The  test  measurements  for  the  specific  shot  schedule  show  the  same  trend  found  in  the 
calculated  results  (see  Figure  9).  The  groove  thermocouple  (lA)  reading  lags  by  about  30C° 
when  the  land  thermocouple  (IB)  reads  a  peak  temperature  for  the  fifth  shot.  Temperature  values 
for  the  calculated  results  do  not  accurately  correspond  with  temperatures  from  the  test 
measurements.  This  is  due  in  part  to  modeling  assumptions  as  well  as  potential  errors  in  the  film 
coefficient  and  gas  temperature  predictions. 


TEST  Datu 

LAND/GROOVE  Temperature  Comparison  for  5  ShDts  @  85  SPM  :  Axial  location  t73mm 

LEGEND 

. GROOVE  -  Thennocot;?)lt  lA 

- L  Afro  -  Thcnnocoiqjle  IB 


Figure  9:  Actual  Temperature  Measurements  from  Land  and  Groove  Thermocouples 


From  this  study,  it  is  concluded  that  the  thermal  gradient  is  greatly  influenced  by  the 
land/groove  configuration.  Knowing  precise  thermocouple  locations  in  the  land/groove  region  is 
important  when  using  temperature  measurements  to  validate  an  analytical  model  of  this  region. 
It  is  also  concluded  that  if  an  analytical  model  of  a  gun  barrel  does  not  included  a  land/groove 
region,  steps  must  be  taken  to  account  for  the  temperature  differences  that  exist  in  this  region. 

Chrome  Platin£  Thickness  Comparison  Model 

From  the  two  limiting  cases  studied  (0.102mm  and  0.254mm  of  chrome  plating),  the 
maximum  temperature  difference  at  thermocouple  lA  and  IB  locations  reached  about  5C°  as  the 
chrome  plating  thickness  was  changed.  Figures  10  and  11  show  the  temperature  profile 
comparisons.  For  the  specific  five  round  burst  of  M791  ammunition  studied,  temperatures  for 
the  0.102mm  chrome  thickness  model  lag  the  temperatures  for  the  0.254mm  chrome  thickness 
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model  in  both  the  land  and  groove  regions.  This  temperature  difference  may  increase  with  longer 
bursts  but  is  not  expected  to  be  significant. 


LEGEND 

•  LAND  -  Thermocouple  IB  (0.102mm  chrome) 
-  LAND  -  Thermocoi^lc  IB  (0.2 54mm  chrome) 


Figure  10:  Chrome  Plating  Thickness  Comparison  (Land  Region)  -  5  Shots  @  85  SPM 


LEGEND 

GROOVE  ‘  Thermocouple  lA  (aiD2mm  chrome) 
-  GROOVE  -  Thermocouple  lA  (a2S4mm  chrome) 


Figure  11:  Chrome  Plating  Thickness  Comparison  (Groove  Region)  -  5  Shots  @  85  SPM 
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From  this  study,  it  is  concluded  that  a  variation  in  chrome  plating  thickness  on  the  bore 
surface  does  not  significantly  affect  the  radial  thermal  gradient.  However,  when  combined  with 
other  geometric  effects,  temperature  predictions  can  deviate  from  actual  temperature  values. 

Near-Bore  Thermocouple  Hole  Model 

For  the  specific  21  round  burst  shot  schedule  of  M919  ammunition  studied,  the  calculated 
temperature  at  the  thermocouple  hole  location  was  about  45C°  greater  than  the  temperature  at  the 
same  radial  location  but  15mm  away  in  the  axial  direction.  Figure  12  shows  the  locations  of  the 
two  nodes  used  for  the  temperature  comparison.  The  bottom  of  the  thermocouple  hole  is  located 
L27mm  radially  outward  from  the  surface  of  the  land. 


Figure  12:  Node  Locations  for  Temperature  Comparisons 


After  21  shots,  the  temperature  difference  between  the  two  nodes  continues  to  diverge  but 
at  a  slower  rate  than  earlier  in  the  shot  sequence.  Figure  13  shows  the  temperature  profiles  of 
both  nodes  for  21  shots.  A  plot  of  peak  temperature  difference  between  the  two  locations  versus 
time  shows  the  temperature  difference  begins  approaching  a  constant  value  of  about  45C°  (see 
Figure  14). 
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ANSYS  Model  Datt 

Temperature  Comparison  of  Thermocouple  Hole  vs.  No  Thermocoi^ile  Hole 


LEGEND 

•  No  Thennocoi^lc  Holt  -  Nodt  20682 
-  Thearmocoi^le  Holt  -  Node  15473 


Figure  13:  Nodal  Temperatures  for  21  Shots 


ANSYS  Model  DaU 

Peak  Temperature  Difference  for  21  Shots 


Figure  14:  Peak  Temperature  Difference  Versus  Shot  Time 
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Figures  15  and  16  show  significant  differences  in  the  thermal  gradients  between  the 
beginning  of  a  shot  and  the  end  of  a  shot  (0.24  seconds  for  one  complete  shot).  At  the  beginning 
of  shot  17,  the  temperatures  at  the  bore  surface  and  the  bottom  of  the  thermocouple  hole  are 
1249®C  and  410°C,  respectively,  leading  to  a  thermal  gradient  of  661C7mm.  At  the  end  of  shot 
17,  the  temperatures  are  427°C  and  419°C,  respectively,  leading  to  a  gradient  of  6C7mm. 
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Figure  15:  Temperature  Contour  Plot  at  the  Beginning  of  Shot  17  -  Time  =  3.841  seconds 
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Figure  16:  Temperature  Contour  Plot  at  the  End  of  Shot  17  -  Time  ~  4.08  seconds 


To  better  understand  the  effect  of  varying  near-bore  thermocouple  hole  depths  on  the 
thermal  gradient,  simplified  two-dimensional  sub-models  that  ignore  the  land  and  groove 
geometric  effects  are  used.  These  models  require  less  computation  time  than  the  three- 
dimensional  model  of  the  near-bore  thermocouple  hole.  There  are  two  important  findings  from 
these  models:  the  first  is  an  understanding  of  how  the  thermal  gradients  are  developed  for 
various  thermocouple  hole  depths;  the  second  is  a  demonstration  of  how  the  thermal  gradient  is 
affected  by  the  hole  itself  at  various  thermocouple  hole  depths.  Figure  17  is  a  temperature 
contour  plot  of  the  four  models  at  the  end  of  the  fifteenth  shot.  This  figure  shows  that  a  hot  spot 
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occurs  near  the  bottom  of  the  hole.  This  hot  spot  diminishes  in  size  when  the  thermocouple  is 
located  farther  away  from  the  bore  surface  of  the  barrel. 
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Figure  17:  Temperature  Contour  Plots  of  Four  Different  Thermocouple  Hole  Depths 


Temperature  profiles  for  all  four  thermocouple  hole  depths  are  shown  in  Figure  18.  From 
the  same  models,  temperature  profiles  for  the  no  thermocouple  hole  conditions  (same  barrel 
radial  location  as  the  bottom  of  the  thermocouple  hole  but  far  enough  away  to  be  unaffected  by 
the  hole)  show  lower  temperatures  and  differing  peak  amplitudes  (see  Figure  19).  The  results 
from  these  models  show  that  the  actual  temperature  at  a  thermocouple  hole  located  between 
0.508mm  and  2.54mm  from  the  bore  surface  can  differ  by  as  little  as  30C°  or  as  much  as  125C° 
from  the  temperature  measured  by  a  thermocouple  in  the  hole  (see  Figure  20). 
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Figure  18:  Temperature  Profiles  for  Thermocouple  Hole  Locations  - 15  Shots  @  500  SPM 


'  —  0.5Q8mm  offset  from  ID 
—  —  —  1,016mm  offset  from  ID 

. 1.270mm  offset  from  ID 

~  -  2,540mm  offset  from  ID 


Time,  seconds 


Figure  19:  Temperature  Profiles  for  No  Thermocouple  Condition  - 15  Shots  @  500  SPM 
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Figure  20:  Peak  Temperature  Difference  Between  Hole  and  No  Hole  Conditions  -  15  Shots  @ 
500  SPM 


From  the  results  of  the  Near-Bore  Thermocouple  Hole  sub-models,  it  is  concluded  that  a 
near-bore  thermocouple  hole  greatly  influences  the  radial  thermal  gradients  established  during  a 
shot  sequence.  The  actual  temperature  (no  thermocouple  hole  present)  at  the  same  radial  location 
(i.e.,  0.508mm  to  2.54mm  radially  offset  from  the  bore  surface)  as  the  thermocouple  hole  can 
differ  by  as  much  as  125C°  from  the  temperature  measured  by  a  thermocouple  in  the  hole.  These 
findings  provide  a  text  book  example  of  the  Heisenberg  Uncertainty  Principle  in  practice.  The 
Heisenberg  Uncertainty  Principle  states  "The  precept  that  the  accurate  measurement  of  an 
observable  quantity  necessarily  produces  uncertainties  in  one’s  knowledge  of  the  values  of  other 
observables”  [2].  In  relation  to  this  example,  it  means  that  the  methods  by  which  temperature 
measurements  are  taken  can  affect  the  actual  temperature  being  measured. 


SUMMARY  AND  FUTURE  WORK 

There  are  many  factors  that  influence  the  thermal  response  of  a  gun  barrel  during  a  firing 
sequence.  The  geometry  of  the  rifling  (i.e.,  land  and  groove)  greatly  influences  the  thermal 
gradients  in  this  region.  If  temperatures  from  thermocouple  measurements  are  used  to  validate 
an  analytical  model,  it  is  important  to  know  the  precise  location  of  the  thermocouple  in  relation 
to  the  land  and  groove  to  obtain  an  accurate  comparison.  Steps  must  be  taken  to  account  for  the 
temperature  differences  in  this  region  if  an  analytical  model  of  the  gun  barrel  does  not  include  the 
complexity  of  the  land/groove  configuration.  Future  work  is  planned  to  determine  what  these 
steps  must  be  for  various  firing  conditions. 
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The  main  purposes  for  chrome  plating  on  the  bore  surface  are  for  wear  resistance  and  for 
protection  of  the  steel  jacket  from  the  high  gas  temperatures  inside  the  bore.  Therefore,  some 
amount  of  chrome  plating  is  required  for  this  type  of  barrel.  For  short  duration  shot  bursts,  the 
amount  of  chrome  plating  thickness  on  the  bore  surface  does  not  significantly  affect  the  radial 
thermal  gradient.  Future  work  is  planned  to  determine  if  the  amount  of  chrome  plating  thickness 
affects  the  thermal  gradient  with  longer  shot  bursts. 

When  a  gun  barrel  is  configured  with  thermocouples  to  measure  temperatures,  a  near¬ 
bore  thermocouple  hole  itself  greatly  influences  the  measured  temperature.  The  radial  thermal 
gradients  are  affected  by  the  void  in  the  material  where  the  thermocouple  hole  is  located.  The 
actual  temperature  (no  thermocouple  hole  present)  at  the  same  radial  location  as  the 
thermocouple  hole  can  differ  significantly  from  the  temperature  measured  by  a  thermocouple  in 
the  hole.  The  amount  varies  with  the  distance  the  thermocouple  hole  is  offset  from  the  bore 
surface.  Future  work  is  planned  to  develop  an  appropriate  scale  factor  to  be  applied  to 
temperature  measurements  for  various  shot  conditions  and  thermocouple  configurations. 
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ABSTRACT; 

A  generic  non-linear  model  of  the  elevation  mechanics  for  an  electric  drive  weapon  control  system 
for  a  main  battle  tank  is  developed.  The  barrel  is  modeUed  by  breaking  it  down  into  two  ngid 
sections  which  are  pin-jointed  together  and  linked  by  a  torsional  spring  and  damper  The  effects  ot 
hull  motion  are  coupled  into  the  model.  This  type  of  model  allows  different  controllers  for  weapon 
control  systems  to  be  evaluated  efficiently. 

Results  from  simulating  the  weapon  control  system  for  a  range  of  conditions  are  presented.  The 
effects  of  non-linear  friction  are  shown  to  degrade  the  performance  of  weapon  control  systems. 
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INTRODUCTION 

A  non-linear  model  of  the  elevation  mechanics  for  a  Main  Battle  Tank  (MBT)  with  an  electrical 
drive  is  developed.  The  flexibility  of  the  gun  barrel  is  modelled  by  breaking  it  down  into  two  rigid 
sections  which  are  pin-jointed  together  and  linked  by  a  torsional  spring  and  damper.  In  this  paper, 
this  type  of  model  is  referred  to  as  a  Lumped  Parameter  Flexible  Beam  Model  (LPFBM).  Non¬ 
linear  friction  (static  and  kinetic)  are  included  in  the  model,  both  at  the  drive  and  trunnions.  The 
effects  of  MBT  hull  motion  is  coupled  into  the  model.  Results  from  simulating  the  model  for  a 
range  of  conditions  are  presented  and  discussed.  All  modelling  and  simulation  has  been  performed 
using  the  MATLAB/SIMULINK  environment  [1]. 

The  primary  objective  of  the  Weapon  Control  System  (WCS)  on  an  MBT  is  to  maximise  the 
chance  of  hitting  a  stationary  or  moving  target  with  the  first  round,  in  the  shortest  possible  time, 
from  a  stationary  or  moving  vehicle.  Non-linear  fiiction  has  a  detrimental  effect  on  the 
performance  of  a  WCS  from  both  a  stationary  and  moving  MBT.  The  model  presented,  allows  the 
performance  of  different  control  techmques  to  be  compared  efficiently. 


DESCRIPTION  OF  THE  ELEVATION  MECHANICS  FOR  AN  MBT 

A  diagram  of  an  MBT  illustrating  the  elevation  mechanics  is  shown  in  Figure  1.  The  MBT  hull  has 
twelve  wheel  stations  which  support  it  and  filter  out  the  ground  disturbances  to  it.  A  mathematical 
model  of  the  hull  which  has  been  used  to  determine  its  response  to  ground  inputs  is  given  in 
Appendix  A.  The  turret  is  mounted  onto  the  hull  via  a  slew-ring,  which  allows  motion  in  traverse. 
The  gun  barrel,  breech  and  cradle  are  pivoted  at  the  trunnion  bearings,  thus  allowing  angular 
motion  in  elevation.  The  elevation  drive  (motor  and  gearbox)  is  coimected  to  the  cradle  by  a  rack 
and  pinion.  A  block  diagram  of  the  elevation  drive-line  is  shown  in  Figure  2.  The  input  to  the 
elevation  drive  is  a  voltage  to  the  servo-amplifier.  The  servo-amplifier  produces  a  current, 
proportional  to  its  input  voltage  [2].  The  prime  mover  is  a  d.c.  servo-motor  and  in  conjunction 
with  the  amplifier,  can  be  considered  as  producing  torque  proportional  to  its  input  current  [2].  The 
remainder  of  the  drive-line  consists  of  a  gearbox,  and  rack  and  pinion.  The  servo-amplifier,  motor 
and  gearbox  are  represented  by  a  single  drive  torque  constant  Kt.  Sensors  are  used  to  measure  the 
angular  rate  of  the  motor,  and  angular  rate  and  position  of  the  cradle. 
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Figure  1  Elevation  mechanics  for  an  electric  drive  MET . 


Figure  2  Block  diagram  of  the  elevation  mechanics. 

COUPLING  OF  THE  MBT  HULL  MOTIONS  INTO  THE  ELEVATION  MECHANICS 

A  simplified  model  of  an  MBT  hull  is  shown  in  Figure  3.  The  motions  of  the  hull  are  characterised 
by  its  vertical  motion  yp  and  rotation  9p  at  its  centre  of  gravity.  For  small  angular  motions,  the 
input  to  the  elevation  channel  can  be  reduced  to  a  linear  vertical  motion  yt  and  a  rotation  0p  at  the 
trunnions.  These  disturbances  couple  into  the  elevation  motion  by  the  vertical  acceleration  at  the 
trunnions  y„  trunnion  fiiction  and  the  relative  motion  of  the  drive  with  respect  to  the  cradle 

(X^Gp),  Figure  4.  The  vertical  acceleration  at  the  trunnions  is  given  by; 

y,  =  yp+'^p^, 


Forward  'Velocity 
of  MBT 


Figure  3  MBT  hull  model. 
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Figure  4  Coupling  of  the  hull  motion  into  the  elevation  model. 


MET  LINEAR  ELEVATION  MODEL 

A  diagram  of  the  elevation  channel  model  is  shown  in  Figure  5.  Data  for  the  model  is  given  in 
Appendix  B. 


The  drive  inertia  L  represents  the  motor  inertia  referred  to  the  output  of  the  gearbox  and  the  drive 
torque  is  given  by; 


T,=K,v,  [2] 

where  Kt  is  the  drive  torque  constant  and  vj  is  the  input  to  the  servo-amplifier.  The  viscous  fiiction 
at  the  drive  is  Ca.  The  radius  of  the  pinion  is  Rp.  The  drive-line  stifl&iess  ka  has  been  lumped 
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between  the  rack  and  the  cradle,  which  is  equivalent  to  the  model  in  [2].  The  cradle,  breech  and 
gun  barrel  in  this  model  have  been  broken  down  into  two  rigid  sections,  of  length  h  and  h,  mass 
mi  and  m2,  and  moment  of  inertia  about  the  centre  of  gravity  Ii  and  I2.  The  distance  to  the  centres 
of  gravity  are  rn  and  112,  the  pin-joint  linking  the  two  sections  has  a  torsional  stiffiiess  of  ki2  and 
viscous  friction  C12.  This  type  of  model  has  been  used  to  simulate  and  control  flexible  space-borne 
manipulators  [3,4,5]  and  to  investigate  the  design  of  GCSs  [6],  The  method  used  to  select  the 
lengths  of  the  rigid  sections  is  given  in  [3],  in  which  the  muzzle  displacement  and  rotation  for  the 
first  cantilever  mode  are  matched  to  a  finite  element  model.  Figure  6.  The  torsional  spring  rate  is 
calculated  to  make  the  first  cantilever  mode  frequencies  of  the  LPFBM  and  finite  element  models 


Figure  6  Section  length  selection  for  the  two  section  LPFBM. 

The  inputs  to  the  model  are  the  voltage  to  the  servo-amplifier  Vi,  the  trunnion  vertical  acceleration 
y,  and  the  MET  hull  pitch  rate  0^ .  The  outputs  from  the  model  are  the  drive  angular  velocity  0^ , 

the  breech  angle  0j,  and  velocity  0j,  and  the  muzzle  angle  0„ . 

A  free  body  diagram  for  the  system,  assuming  small  motions,  is  shown  in  Figure  7.  The  lateral 
forces  between  the  LPFBM  sections  is  fi2  and  the  vertical  force  at  the  trunnions  is  fy.  Longitudmal 
forces  have  been  ignored. 


Figure  7  Free  body  diagram  of  the  elevation  model  for  small  rotations. 
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The  equations  of  motion  for  the  components  of  the  system  are; 
drive; 


[3] 


breech  section; 


/w,x,  =  fy-  Ki^d^p  +  ^p^tp  ~  Qi^»p)  f\2 

/A  =  Kx  [^dRp +^p^tp-  ^x^tptx^ + 'll)  -  ®  J 

-/ytli  -  fn{h  “  ■'ll)  +  ^2(^2  “  0i)  +  ^12(^2  “ ®i) 

muzzle  section; 

nh^t  =  /12 

I  A  =  -fuVi  -  ^2(^2  -  ^1)  -  ^12!  A  -  <9i) 

The  equations  of  constraint  for  the  breech  and  muzzle  sections  are, 

>;  =  Xi-6>i77, 

y  +  lA  =  ^2-^2^2 


[4] 


[5] 


[6] 


The  equations  of  motion  for  the  system  are  obtained  by  eliminating  the  linear  coordinates  xi  and  xj 
to  give; 

Mi{^}+C,{(9}  +  K,W  =  Ii{u] 

where  the  mass  Mi,  damping  Ci,  stifi&iess  Ki,  and  input  Ii  matrices  are  given  by, 

0  0 


M, 


Ki  = 


I,  0  0 

0  /j  + /Wj^j  + /M2/J  ^'}\^2 

0  mM2  h-^^2K\ 

0 


Ci  = 


0  Cj2  +  ^12 

0  -c,. 


KR] 

0 

-KRpX^ 


-KRpX,p 


kn  +  k,Xl 


-k 


12 


-h 


12 


"*1 

'l 

0 

0 

-kdX^R; 

Il  = 

0 

-(w,qi+W2/i) 

kdK 

0 

0 

0 

-■[8] 


and  the  vector  of  rotations  and  inputs  are  given  by; 
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[eY  =  {e,  e,  e,] 

=  K 

In  state  space  form  the  model  is  ^ven  by; 

i  =  Ax  +  Bu 
y  =  Cx  +  Du 

where; 

_r  ®  ^ 


{xf  =  {e^  0,  02  0rf  6,  02}  [11] 

Plots  of  open-loop  frequency  response  to  a  command  input  for  the  elevation  model  and  for  an 
equivalent  version  with  ten  finite  elements  modelling  the  barrel  [8],  are  show  in  Figure  8,  9,  10 
and  1 1 .  Below  40  Hz,  the  error  in  the  modes  around  20  Hz  causes  the  most  significant  discrepancy 
between  the  three  degree  of  freedom  and  the  higher  order  model.  The  modes  predicted  by  the 
elevation  model  with  the  LPFBM  barrel  are  lower  than  those  with  the  finite  element  barrel  by 
approximately  1  Hz.  The  three  degree  of  freedom  model  is  incapable  of  representing  more  than 
two  modest  thus  those  over  40  Hz  are  not  present  in  the  responses.  The  largest  errors  are  in  the 
response  of  the  muzzle,  Figure  11.  The  accuracy  of  this  model  can  be  improved  by  increasing  the 
number  of  sections  and/or  optimising  the  section  lengths  for  a  particular  output,  for  example,  the 
breech  [6]. 


[9] 


[10] 


Figure  8  Plot  of  open-loop  frequency  response  motor  torque  to  drive  angular  velocity, 

with  the  barrel  modelled  using  fimte  elements  [dash]  and  LPFBM  [solid]. 


*  A  three  degree  of  freedom  model  has  three  modes,  in  this  case  the  first  is  a  0  Hz  and  has  been  ignored. 
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Figure  9  Plot  of  open-loop  frequency  response  motor  torque  to  breech  angle,  with  the 

barrel  modelled  using  finite  elements  [dash]  and  LPFBM  [solid]. 


Figure  10  Plot  of  open-loop  frequency  response  motor  torque  to  breech  angular 
velocity,  with  the  barrel  modelled  using  finite  elements  [dash]  and  LPFBM  [solid]. 


Figure  1 1  Plot  of  open-loop  frequency  response  motor  torque  to  muzzle  angle,  with  the 
barrel  modelled  using  finite  elements  [dash]  and  LPFBM  [soUd]. 

The  response  of  the  elevation  model  with  the  LPFBM  barrel  to  the  disturbance  inputs  are  shown  in 
Figure  12.  The  effect  of  the  trunnions  vertical  acceleration,  Figure  12a,  has  a  much  greater 
attenuation  than  the  hull  pitch  rate.  Figure  12b. 
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(a)  (b) 


Figure  1 2  Disturbance  frequency  response  of  the  elevation  model  with  the  LPFBM 
barrel  to  trunnion  vertical  acceleration  (a)  and  hull  pitch  rate  (b). 


MET  NON-LINEAR  ELEVATION  MODEL 

The  non-linear  elevation  model  has  been  formed  by  incorporating  non-line^  friction  into  the  drive 
and  trunnions.  The  out-of-balance  torque  was  caused  by  the  centre  of  gravity  of  the  elevatmg  mass 
being  8  0  mm  in  front  of  the  trunnions.  The  non-linear  friction  model  used  is  a  modified  reset- 
integrator  representation  [7].  The  modification  to  this  model  includes  a  random  component  of 
friction  added  into  its  output.  This  is  generated  by  integrating  white  noise  and  addmg  «  “to  the 
friction  force,  the  mean  level  being  zero  and  the  standard  deviation  bemg  approximately  1  /o  of  the 
kinetic  (Coulomb)  fiiction.  The  static  fiiction  (stiction)  provides  an  additional  25%  of  the  kmetic 
fiiction  level.  The  drive  fiiction  was  taken  as  1%  of  the  trunnion  fiiction. 


CONTROLLER  DESIGN 

To  investigate  the  performance  of  the  elevation  model,  a  classical  closed-loop  controller  was 
designed,  which  was  based  on  the  open-loop  frequency  responses.  The  form  of  the  controller  is 
shown  in  Figure  13,  and  consists  of  an  inner-loop  breech  rate  controller^  and  outer-loop  breech 
position  controller.  The  outer-loop  controller  is  based  on  a  traditional  proportional  plus  integral 
structure,  while  the  inner-loop  has  a  proportional  controUer  augmented  with  a  notch  and  low  pass 
filter.  For  this  controller  no  hull  disturbance  feed-forward  element  was  used.  No  attempt  has  been 
made  to  optimise  the  response  of  the  WCS. 


^  This  used  the  breech  rate  ©to  for  the  feedback  signal. 
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Figure  13  Closed-loop  elevation  control  system. 


SIMULATION  RESULTS  STATIONARY  MET 

The  response  of  the  WCS  linear  and  non-linear  models  to  a  step  input  of  1°  is  shown  in  Figure  14a 
and  to  a  tracking  input  of  0.5  deg/s  in  Figure  14b.  The  linear  model  has  approximately  lO/o 
overshoot  to  a  step  input,  while  the  non-linear  model  has  none.  The  effects  of  the  integrator  can  be 
seen  to  reduce  the  error  on  both  responses  for  the  non-linear  model. 


(a) 


(b) 


Figure  14  Step  (a)  and  tracking  (b)  response  of  the  WCS;  linear  [solid],  non-linear 
[dash]. 


SIMULATION  RESULTS  MOVING  MET 

A  linear  MET  hull  model  crossing  random  terrain  at  5  m/s  has  been  used  to  generate  the  inputs  to 
the  elevation  model,  Appendbc  A.  The  simulation,  including  the  hull  model,  was  run  for  40 
seconds  of  simulation  time  which  took  approximately  sk  minutes  on  a  75  MHz  Pentium  personal 

computer. 

The  output  from  the  simulation  for  both  the  linear  and  non-linear  (with  the  default  v^ue  of  kinetic 
friction)  models  is  shown  in  Figure  15.  The  effects  of  non-linear  friction  on  the  drive  response. 
Figure  15a  are  negligible.  The  non-linear  friction  has  increased  the  breech  and  muzzle  motion  by 
approximately  100%,  Figures  15b  and  15c.  Due  to  the  larger  breech  motion,  the  input  to  the 
servo-amplifier  has  also  increased  by  100%,  Figure  15d.  The  worst  case  flexing  of  the  gun  barre 
(02-0i)  occurred  after  4  seconds.  Figure  15e,  and  has  a  magnitude  of  almost  3  mrad;  both  the 
linear  and  non-linear  responses  were  very  similar. 
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Figure  1 5d  Servo-amplifier  input  as  MET  crosses  random  terrain;  linear  [soUd],  non¬ 

linear  [dash]. 


Figure  1 5e  Gun  barrel  fiexing  as  MBT  crosses  random  terrain  (first  ten  seconds); 
linear  model. 

The  r.m.s.  values  for  the  simulated  responses  are  given  in  Table  1,  in  addition  to  other  runs  in 
which  the  level  of  non-linear  fiiction  was  varied.  From  Table  1,  it  is  seen  that  the  drive  motion  and 
barrel  flexing  are  almost  independent  of  the  level  of  non-linear  fiiction.  The  breech  and  muzzle 
motion  and  servo-amplifier  input  are  seen  to  increase  steadily. 


20-12 


PURDY 


Figure  1 6  Breech  response  as  MBT  crosses  random  terrain  with  its  ampUtude 

reduced  by  a  factor  of  ten;  linear  [solid],  non-linear  [dash]. 

The  contribution  to  the  breech  motion  caused  by  the  vertical  acceleration  at  the  trunmons  and  hull 
pitch  rate  is  shown  in  Figure  17.  From  this  Figure,  it  is  seen  that  the  trunnion  vertical  acceleration 
has  the  least  effect  on  the  breech  motion;  this  fact  was  anticipated  from  the  disturbance  responses 
of  the  linear  model.  Figure  12. 
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Figure  17  Effect  of  trunnion  vertical  acceleration  [solid]  and  hull  pitch  rate  [dash]  on 

the  breech  motion. 


CONCLUSIONS 

A  model  of  the  elevation  mechanics  of  an  electric  drive  MBT  incorporating  non-linear  friction  has 
been  developed.  The  gun  barrel  has  been  represented  by  breaking  it  down  into  two  rigid  section 
(LPFBM),  which  are  pin-jointed  together  and  linked  by  a  linear  torsional  spring  and  damper.  The 
elevation  model  with  the  LPFBM  barrel  has  been  compared  to  an  equivalent  model  with  a  finite 
element  barrel  and  below  40  Hz  the  predicted  modes  have  an  error  of  approximately  1  Hz. 

Simulations  of  the  non-linear  elevation  model,  have  shown  that  the  presence  of  static  and  kinetic 
fiiction  degrade  the  performance  of  the  WCS.  The  non-linear  fiiction  has  a  more  significant  effect 
on  the  accuracy  of  the  WCS  as  the  roughness  of  the  terrain  reduces  and  hence  also  the  motions  of 
the  hull. 

The  model  presented  in  this  paper  allows  the  performance  of  different  methods  of  control  design 
for  WCS  to  be  evaluated  efficiently  in  a  minimum  amount  of  time. 
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APPENDK  A  MBT  HULL  MOTION  SIMULATION 

The  MBT  hull  model  used  to  generate  the  disturbance  inputs  to  the  WCS  is  shown  in  Figure  18. 
The  twelve  wheel  stations  have  been  condensed  into  six  for  this  plane  model.  The  parameters  for 
the  hull  model  are  shown  in  Table  2.  This  simple  model  consists  of  a  rigid  hull  with  mass  mp  and 
moment  of  inertia  Ip,  mass-less  wheel  stations  at  a,  from  the  hull  mass  centre  and  identical 
suspension  components  and  Cg.  The  ground  inputs  to  the  model  are  zj  and  the  forward  velocity 
of  the  vehicle  is  V.  The  trunnion  axis  is  from  the  hull  mass  centre  and  its  vertical  displacement 

isyt. 
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Figure  1 8  Side  elevation  of  the  plane  MET  hull  model. 
Table  2  MET  hull  model  data. 


Model  Parameter 

Value 

Mass  mp 

60000  kg 

Inertia  about  C  of  G  Ip 

300  X  10^  Kgm^ 

Suspension  Stif5iesses  kjg 

888  KN/m 

Su^nsion  Damping 

Coefficients  Cg 

94  kNs/m 

Distance  between  the  C  of  G 
and  the  Trunnion  Axis 

1  m 

Distance  between  the  wheel 
stations  and  the  C  of  G  a/ 

2.498,  1.584,  0.517,  -0.397,  - 
1.362,  -2.276  m 

The  equations  of  motion  for  the  hull  model  in  state  space  form  are, 

=  A^Xh  +®b'“h 

yh  =  CbXb+DhUb 

where; 

1  0  o' 

njj,  nip  ntp 

0  0  1 

-KXaf  -CjXaf 
Ip  Ip 


A,= 


0 

~6kj 

0 


[12] 
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k.Xat 

■■tf  *  •  •  • 

... 

0  ••• 

=  yp  Qp  ^p] 

Uh  =  {^i  •'•  ’••  ^e] 

yh  =  {3^p 


The  trunnion  vertical  acceleration  is  given  by  equation  1. 

The  power  spectral  density  of  the  random  profile  used  for  the  simulation  [9]  is  shown  in  Figure  19. 


u>g  SpKticI  Frequency  cycle* /m 


Figure  1 9  Spectral  composition  of  random  ground  profile  used  in  the  simulation. 
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APPENDIX  B  ELEVATION  MODEL  DATA 

A  generic  elevation  model  has  been  used  in  the  simulations  which  is  not  related  to  any  in  service 
weapon  system.  The  configuration  of  the  elevatmg  mass  is  shown  in  Figure  20.  The  elevating  mass 
is  divided  into  two  parts.  A  rigid  component  which  consists  of  the  cradle,  breech  and  part  of  the 
barrel  within  the  cradle.  A  flexible  component  which  represents  the  gun  barrel  firom  the  end  of  the 
cradle  to  the  muzzle.  The  flexible  barrel  is  taken  as  a  tube  with  an  inside  diameter  of  0. 12  m  and  an 
outside  diameter  which  tapers  fi’om  0.23  m  at  the  cradle  to  0.15  m  at  the  muzzle.  Data  for  the 
model  is  given  in  Table  3. 


Figure  20  Elevating  mass. 

Table  3  Elevation  model  data. 


Elevation  Model  Parameter 

Value 

Mass  of  rigid  component  uk 

1818  kg 

Inertia  of  rigid  component  about  its  centre  of  gravity  Ir 

308  kgm^ 

Distance  from  trunnions  to  centre  of  gravity  of  rigid  component  nr 

1.426  m 

Length  of  flexible  barrel  L 

5.0  m 

Mass  of  flexible  barrel  nib 

682  kg 

Density  of  flexible  barrel  material  (steel) 

7800  kgm^ 

Modulus  of  elasticity  of  flexible  barrel 

200  GN/m^ 

Drive  inertia  Id 

0.5  kgm^ 

Pinion  radius  Rp 

0.04  m 

Drive  torque  constant  K, 

60  NmA'olt 

Drive-line  stiffness  kd 

6.0  MN/m 

Distance  from  trunnions  to  drive 

0.75  m 
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Trunnion  viscous  friction  Cip 

1500  Nms/rad 

Trunnion  kmetic  friction 

1000  Nm 

Trunnion  static  friction 

25%  of  kinetic 

Drive  kmetic  friction 

1%  of  trunnion 

Drive  static  friction 

25%  of  kinetic 

LPFBM  section  1  data 

Mass  mi 

2165  kg 

Inertia  Ii 

1090  kgm^ 

Length /i 

1.75  m 

Distance  to  centre  of  gravity  tii 

-0.465  m 

LPFBM  section  2  data 

Mass  m2 

335  kg 

Inertia  I2 

281  kgm^ 

Length  4 

3.25  m 

Distance  to  centre  of  gravity  r\2 

1.319  m 

StifEness  linking  sections 

4.0  MNm/rad 

Flexible  barrel  damping  coefficient  p 

0.0005 

Barrel  damping  [C]=px[K]  used  for  LPFBM  and  finite  element  models  [8], 
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*  ABSTRACT: 


The  current  evolution  in  threats  has  led  to  an  increase  in  power  of  automatic 
medium-calibre  weapon  systems,  with  the  calibre  of  the  weapon  being  between  25 
and  45  mm.  This  situation  quite  naturally  implies  that,  when  an  action  is  engaged, 
efficiency  with  an  optimized  number  of  shots  fired  must  be  looked  for.  With  regard 
to  the  operational  performances  of  firing  anti-infantry  Combat  Vehicles,  the 
requirement  is  quite  similar  to  that  of  high-calibre  weapons.  However,  in  order  to 
orientate  the  technological  choices  of  the  future  medium-calibre  turret,  it  appears  to 
be  difficult,  without  further  in-depth  studies,  to  use  again  hypothesis  or  solutions  that 
were  retained  for  firing  of  high-calibre  weapons.  Mastery  of  burst-firing  is  an 
objective  that  requires  reflection  on  the  role  of  the  sub-systems  influencing,  either 
primarily  or  secondarily,  efficiency  of  the  shots  fired  by  a  medium-calibre  turret 
cannon.  It  appeared  essential,  for  the  feasibility  study  of  this  new  weapon  system,  to 
have  an  overall  simulation  showing  simulated  behaviour  and  the  dynamic 
interactions  of  these  sub-systems.  As  the  study  advanced,  it  became  necessary  to 
have  a  macroscopic  model  of  the  elevating  mass  so  that  the  performances  of  the 
future  turret  could  be  simulated  realistically.  This  article  describes  the  main  steps  in 
elaboration  and  validation  of  a  macroscopic  model  of  the  elevating  mass  that  allows 
the  best  estimates  of  performances  of  firing  when  stationary  of  the  future  medium- 
calibre  turret  weapon  to  be  obtained. 
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13,  route  de  la  Miniere,  78022  Versailles  Cedex 
FRANCE 


1.  BACKGROUND 

The  size  and  the  cost  of  such  ammunition  means  that  a  minimum  number  of  rounds  should 
give  maximum  efficacity.  So,  the  efficiency  of  burst-firing  with  a  limited  number  of  rounds,  in 
terms  of  accuracy  (dispersion  and  firing  rate)  is  an  objective  that  requires  reflection  on  the  role 
of  each  unit  of  the  weapon  system.  In  order  to  reduce  costs  and  risks  of  development  of  such 
system,  it  is  necessary  to  know  how  to  predict  its  feasibility  with  regard  to  performance  levels. 
Figure  1  shows  two  types  of  diagrams  of  a  weapon  system  (Definition  &  Production  Diagram 
and  Functional  Diagram). 


Definition  &  Production  Diagram  Functional  Diagram 


Figure  1 :  Weapon  System  Diagram 


The  weight  of  the  firepower  system  can  represent  40%  to  60%  of  the  cost  of  a  turret.  So, 
before  developing  the  weapon  system,  it  is  necessary  to  know  what  kind  of  technology  can  be 
retained.  Viewed  by  the  system  designers,  elaboration  of  the  macroscopic  model  gives  the  best 
estimate  of  the  firing  performance  levels  of  the  weapon  system  to  be  defined. 

In  1992,  the  "Euro  Mobilite"  Branch  of  Giat  Industries  carried  out  a  study  in  parallel  with 
the  feasibility  study  of  the  future  medium-calibre  turret.  The  aim  of  the  study  was  to 
comprehend  better,  through  experimentation,  the  macroscopic  phenomena  which  degrade 
performances  in  burst-firing.  The  study  therefore  necessitated  a  firing  test  bench.  In  order  to 
minimize  the  costs  of  the  tests  and  to  have  an  experimental  device  that  could  rapidly  be 
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exploited,  the  best  solution  appeared  to  build  a  test  bench  from  an  elevating  mass  comprising 
a  light  tank  and  a  turret  equipped  with  a  25  mm  weapon.  The  light  tracked  vehicle  was 
assembled  on  trestles  to  avoid  low  frequencies  of  pitch  and  roll  distorsions  (1  Hz)  due  to  the 
suspension  of  the  tank  during  firing.  The  turret  was  modified  as  follows  :  the  traverse  drive 
was  removed  and  the  movements  in  traverse  were  blocked  by  a  reinforced  traverse  nut,  and 
the  elevation  drive  was  replaced  by  a  linear  system  with  springs  (see  figure  2).  The  system 
thus  allows  compensation  of  the  unbalance  of  the  elevating  mass  (gun  and  cradle/mantlet). 


Figure  2  :  Sketch  of  the  principle  of  the  elevating  mass 


This  configuration  is  more  interesting  than  a  conventional  mount  (the  elevating  mass  is 
clamped  in  elevation)  for  it  allows,  on  one  hand,  access  to  the  intrinsic  characteristics  of  the 
weapon  and,  on  the  other,  obtaining  the  boundary  conditions,  as  seen  by  the  weapon,  which 
are  representative  of  a  classical  turret  assembly.  The  frequency  of  the  small  damping 
resonance  of  the  first  mode  of  the  gun  can  be  modified  by  adding  to  the  end  of  the  barrel  a 
weight  of  2  kgs  (the  first  mode  of  the  barrel  is  lowered  by  2.5  Hz).  During  firing,  instruments 
(13  sensors)  give  the  movements  of  the  elevating  mass,  the  turret  and  the  barrel.  The 
movements  of  the  barrel  are  detected  by  laser  sensors  associated  with  dedicated  surface 
reflectors  used  because  of  the  conicity  and  ribbing  of  the  gun.  The  firing  sequences  are 
videoed  and  the  impacts  on  a  target  at  100  metres  are  recorded.  A  data  processing  of  the 
measurements  is  used  to  deal  \vith  all  the  parameters  recorded  during  the  different  tests.  About 
a  hundred  shots  were  fired  and,  each  time,  a  recording  was  made  of  the  physical  parameters 
allowing  determination  of  the  respective  behaviour  of  the  weapon  and  its  platform.  As  an 
example,  analysis  of  the  horizontal  movements  of  the  gun  is  given  in  this  article.  During 
single-shot  firing,  the  movements  of  the  gun,  with  or  without  the  weights,  are  shovm  in  Figure 
3.  _ _ 


- 

1 

1  r  Rigidity  of  linking  13H2  and  zfO.2 

Departure  ora  1 

1  2nd.  shot  wHIi  weights 

first  shot  "  1 

I  Muzzle  azimuth  sensor 

^  M'elghis  (  27  Hz  ) 

,  P  y  V" 

1  j  r  Muzzle  azimuth  sensor 

1  1  \  without  w'elghts  (  30  Hz  ) 

1  ?  2nd.  shot  without  weigJils 

J  .  Average  rate 

Figure  3  :  Horizontal  movements  of  the  extremity  of  the  gun 
during  single-shot  firing  -  Measurements  made  with 
a  laser  sensor  placed  at  the  end  of  the  gun 
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Analysis  of  these  movements  shows,  on  one  hand,  that  the  phenomena  are  no-correlated  and, 
on  the  other,  understanding  of  the  position  of  the  gun  in  traverse  at  the  second  shot  of  a  burst 
according  to  the  firing  rate.  The  whipping  movements  of  the  barrel  stopped  350  ms  after 
launch  of  the  shot.  The  dynamic  behaviour  of  the  barrel  therefore  has  no  influence  on  burst¬ 
firing  with  shots  separated  for  more  than  350  ms.  This  was  confirmed  by  analysis  of  firing  at 
a  low  rate  (500  ms  interval  between  shots).  But,  in  an  average  rate  when  the  shots  are 
separated  by  about  150  ms,  the  whipping  movements  greatly  influence  the  distribution  of 
shots  in  the  target.  In  fact,  from  measurements  taken  during  single-shot  firing  (see  graphs  of 
figure  3),  it  can  be  predicted  for  the  average  rate  that : 

-  for  the  barrel  without  a  weight,  the  second  shot  vvdll  be  negative  relative  to  the  muzzle 
reference 

-  for  the  barrel  with  a  weight,  the  second  shot  will  be  positive  relative  to  the  muzzle 
reference. 

This  extrapolation  is  shown  to  be  justified  by  the  statistical  analysis  of  firing  at  an  average 
rate  (the  discrepancy  between  the  two  positions  is  several  times  the  dispersion  of  the 
weapon/ammunition  for  single-shot  firing).  If  the  results  of  the  firing  are  averaged,  it  is 
possible  to  show  that  the  dispersion  of  the  second  shot  \vithout  a  weight  is  three  times  less 
than  the  one  that  obtained  by  firing  with  a  weight.  This  difference  is  linked  to  the  irregularity 
of  the  rate  (+/-  20  shots  per  minute),  and  introduces  an  uncertain  initial  condition  (the  value 
and  slope  of  whipping)  seen  by  the  second  shot  of  the  burst.  The  dispersion  of  the  second  shot 
of  the  burst  is  linked  mainly  to  the  efficient  value  of  the  sinusoidal  signal,  slightly  dampened, 
generated  by  the  first  mode  of  the  barrel. 

Such  work  oriented  the  theoretical  and  experimental  study  on  the  elevating  mass  of  the 
future  medium  calibre  turret.  Because  of  the  technical  and  financial  stakes  linked  to  the 
medium-calibre  turret  programme,  the  system  designers  and  weapon  ordnances  of  Giat 
Industries  started  and  financed  a  common  study  called  "Firing  dynamics  of  the  MCF  (Future 
Medium  Calibre)",  which  was  partly  based  on  the  methodology  used  during  the  study  of  the 
25  mm  test  bench.  The  aim  was  to  carry  out  a  theoretical  and  experimental  study  so  that  the 
number  of  prototypes  to  be  manufactured,  and  shots  to  be  fired,  could  be  reduced.  The  work 
started  in  1992.  In  1992,  Giat  Industries  had  a  platform  firing  only  single  shots,  with  an  spring 
recoil  mechanism,  and  a  heavy  barrel  for  adjustment  of  medium  calibre  telescoped 
ammunition  (figure  4). 
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The  architecture  of  the  platform  (rigid  trunnions  support,  symmetrical  cradle  compared  to 
the  force  of  the  recoil  mechanism,  centre  of  gravity  of  the  recoiling  mass  on  the  firing  axis) 
was  particularly  adapted  to  a  constructive  comparison  of  the  information  measured  and  the 
results  of  simulation.  The  theme  of  study  was  of  "disturbances  linked  to  firing".  The  main 
simulations  were  as  follows; 

-  Accurate  simulation  of  internal  ballistics  (work  of  weapon  ordnances)  with  the  SIMBAD 
software  (Simulation  of  Barrel  Dynamics)  which  shows  in  detail  the  dynamic  interactions  of 
the  ammunition/barrel  influencing  the  precision  of  shots.  The  SIMBAD  data  were  used  as 
initial  conditions  in  a  programme  of  external  ballistics  in  the  Giat  Industries  Research  and 
Technological  Studies  Department,  to  estimate  the  position  of  impacts  on  a  target  in  terms  of 
mean  and  standard  deviation. 

-  Macroscopic  simulation  of  the  elevating  mass  (system  designer's  work)  which  would  be 
integrated  into  overall  simulation  of  the  study  of  performances  of  firing  when  stationary  or 
moving  of  the  future  medium-calibre  turret.  These  two  simulation  steps  are  necessary  and 
complementary.  Macroscopic  simulation  allows  the  system  designer  to  organize  into  a 
hierarchy  the  problems  linked  to  each  sub-system.  It  also  gives  the  weapon  ordnance  the 
possibility  to  deal  with  interactions  between  the  ammunition  and  the  weapon.  In  order  to 
satisfy  the  above  aims,  the  initial  weapon  system  was  modified  by  placing  the  elevating  mass 
onto  a  springs  mounting  (figure  5  &  6).  The  stiffness  of  elevating  gear  box  of  a  weapon 
system  can  be  represented  by  springs. 
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The  first  macroscopic  simulation,  based  on  the  theory  of  modal  analysis,  was  therefore 
elaborated. 


The  study  continued  in  1993  on  a  test  bench  with  a  weapon  capable  of  firing  in  burst-mode. 
The  results  showed  that,  with  a  minimum  number  of  shots  fired,  and  analysis  of  the 
measurements,  the  dynamic  behaviour  of  the  bench  can  modify  the  intrinsic  performances  of  a 
weapon  when  firing  at  an  medium  rate.  The  weapon  ordnance  and  system  designers  of  Giat 
Industries  therefore  decided  to  continue  their  common  study  in  1994. 

The  elevating  mass  is  composed  of  a  cradle  in  which  the  recoiling  mass  slides  .  This  is 
checked,  during  firing,  by  the  recoil  mechanism  between  the  cradle  and  the  breech  sleeve  into 
which  the  gun  barrel  is  fitted. 

The  supporting  stiffness  represents  the  link  between  the  cradle/breech  sleeve/barrel.  It 
represents  macroscopically  the  rigidity  of  the  parts  allowing  the  gun  barrel  to  be  fitted  into  the 
cradle/mantlet  (figure  7). 
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Recoil  mechanism 


Supporting  stiffness 


j  Barrel 
Breech  sleeve 


wm 


sleeve  xninnion  supports  Barrel 


Fipiire  7  :  Simulation  of  gun  assembly  of  the  Future  Middle  Calibre  twr£t 
showing  links  between  the  recoil  and  the  cradle/mantkt 


2.  EQUATIONS  OF  THE  MODEL 

At  the  beginning  of  1994,  theoretical  studies  were  started  so  as  to  have  a  better  estimate  of 
the  position  and  speed  of  the  muzzle  at  the  moment  the  ammumtion  is  fired.  These  parameters 
condition  precision  of  the  shots.  Analysis  of  international  articles  [1],  [2]  &  [3],  and  the  Giat 
Industries'  expertise  served  as  a  basis  for  a  quite  original  macroscopic  simulation.  Under  the 
effect  of  firing,  the  elevating  mass  (figure  8)  can  have  an  absolute  pitch  movement  0  and  each 
point  of  the  barrel  has  a  movement  (angular  and  linear)  w  relative  to  the  pitch  movement  0. 


The  following  hypothesis  are  retained  for  simulation  ;  two-dimensional  simulation  of  the 
elevating  mass,  the  cradle-mantlet  is  supposed  infinitely  rigid  (frequencies  beyond  200  Hz), 
the  barrel  is  simulated  only  in  flexion  by  a  simulation  of  the  Euler-Bemouilli  type  (1),  the 
connection  between  the  barrel  and  its  assembly  is  simulated  by  linear  and  angular  supporting 
stiffness,  the  links  between  the  solid  parts  are  supposed  to  be  whether  with  mechanical 
backlash  or  not,  evolution  of  pressure  in  the  barrel  is  extrapolated  from  the  pressure  in  the 
breech  measured  during  firing,  the  ammunition  is  considerd  as  a  material  point  (because  the 
movement  of  the  ammunition  compared  to  the  barrel  has  a  high  frequency  (1  to  2  KHz) 
compared  to  the  first  two  modes  of  the  barrel  situated  in  the  range  (5  to  50  Hz). 
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=2  f 


as" 


E.I(s).^^w  +p(s).w  +  p(s).(s-x-d).0  +  p(s).g 


V 
nss 


as" 


.ds  + 


(1) 


nm 


Zkj.Wi  +  £mk.[w(sk)  +  (Sk  -x-d).e]  =  ^fj 
i=i  k=i  j=l 


with  for  (1): 

s  Curvilign  abcissa  of  the  barrel 

I(s)  Area  cross  section  moment  of  inertia 
E  Yoimg's  modulus  of  elasticity 

w  Deformation  of  the  barrel  which  depends  on  the  s  abscissa  and  t  time  ( w(t,s) ) 

X  Position  of  trunnions  in  the  barrel  coordinates 
d  Recoil  of  the  recoiling  mass 

0  Pitch  movement  of  the  elevating  mass  relative  to  the  absolute  coordinates 

p(s)  Mass  per  unit  length 

kj  Supporting  stifftiess  (linear  and  angular)  if  it  exists 

nss  Number  of  supporting  stiffness 

wj  Deformation  of  the  barrel  at  position  of  the  P*'  conctact  with  the 
barrel  support 

mj^  Non-structural  masses  on  the  barrel  at  Sj^  abscissa 
nm  Niunber  of  non  structural  masses  on  the  barrel 
^  Seven  load  functions  described  in  reference  [1],  [2]  &  [3]; 

-  Recoil  inertia  load 

-  Pressure  curvature  load 

-  Projectile  trajectory  load 

-  Projectile  eccentricity  load 

-  Projectile  rotational  load 

-  Stationary  mass  eccentricity 

-  Support  reactions 

The  third  term  of  first  member  of  (1)  represents  the  coupling  Equipped  Barrel/Cradle. 
The  equation  of  elevating  mass  is  (2): 


lem  (d).0  +  KoearBox  •  (0  -  u)  +  J  p(s).  (s-  x  -  d).  w.ds  + 

nm  (2) 

S“k-(Sk  -x-d).w(Sk)  =  ^^Torquej 
k=l  j=] 
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with  for  (2): 

Ign^(d)  Inertia  of  elevating  mass  is  variable.  It  depends  on  the  position  of  the  recoiling  mass, 
u  Angular  position  of  electrical  motor. 


XTorquei=(Flh.dlh-Flb.dlb)-(dt*Ffoe)-(Frecoil-Ffire)-Yg  (3) 

j=l 

with  for  (3): 

Flh  Force  of  superior  recoil  mechanism 
Fib  Force  of  inferior  recoil  mechanism 

dlb  Distance  between  the  axis  of  inferior  recoil  mechanism  and  axis  of  the  trunnions 

dlh  Distance  between  the  axis  of  superior  recoil  mechanism  and  axis  of  the  trunnions 

dt  Distance  between  the  gjises'  pressure  axis  and  axis  of  the  trunnions 
Ffy.g  Force  of  gases'  pressure  (-pressure*bore  section) 

Frecoil  Total  force  of  the  recoil  mechanism  (Flb+Flh) 

Yg  Offset  of  recoiling  mass 

The  first  term  of  (3)  corresponds  to  the  dissymetry  torque  of  the  recoil  mechanism.  The 
second  term  to  the  torque  linked  to  the  de-centering  of  the  force  of  the  gases'  pressure  relative 
to  the  axis  of  the  trunnions  and,  the  last  term  to  the  torque  linked  to  the  de-centering  of  the 
centre  of  gravity  of  the  recoiling  mass  relative  to  the  axis  of  the  trunnions 

The  last  equation  of  the  system  is  the  equation  of  the  recoiling  mass.  In  first  order,  we  have: 

(^fire  ~  ^recoil )  *  ^rm  •  ^ 


with  for  (4) : 

Mrm  Mass  of  recoiling  mass.  Note  that  the  dampening  and  stiffness  of  (4)  are  included  in 
^recoil- 

The  method  of  the  finite  elements  allows  the  equations  describing  the  system  to  be 
linerarized  for  each  section  of  the  barrel.  The  displacements  and  their  curves  are  approximated 
by  four  HERMITE  polynomes  of  order  3  for  each  section  of  the  barrel  (ipj  M/i  92  M^2  )• 
node  of  the  barrel,  w  has  2  degrees  of  freedom  that  we  note: 


w  = 


y(t,s)' 


,  with  y  the  linear  deformation  (length  unit)  and. 


l^a(t,s)y 

a(t,s)  =  the  angular  deformation  (radian  unit) 

5s 
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We  have  thus  for  each  section  of  the  barrel: 


w 


w(t,s)  =  ((pi(s)  V}/,(s)  CP2(S) 


f  yi(t)^ 


V2(s)) 


ai(t) 

y2(t) 

^a2(t)> 


(5) 


The  result  of  the  numerical  method  (l)+(2)  is  a  system  of  ordinary  differential  equations.  The 
theoretical  study  gave  the  following  analytical  results  (6)  with  matrix  structure  defined  in  (6.1) 
and  (6.2): 


Mo .  W(t)  +  Co .  W(t)  +  Ko .  W(t)  =  M(t).  W(t)  +  C(t).  W(t)  +  K(t).  W(t)  +  P(t)  (6) 


W(t) 


w  = 


e  = 


V 


'^Deformation') 
of 

barrel 

f  Absolute_  position^ 
of 

Elevating_mass 


(6.1) 


Matrix 

Structure 


^  Matrix  '' 
of 

Barrel 

^Characteristics  j 
(Coupling) 


(Coupling)* 


'^Elevating_mass 

Characteristics 


(6.2) 


with  for  (6): 

Mo  Inertia  matrix  of  the  system.  Its  structure  is  defined  in  (6.2). 

M(t)  Inertia  matrix  of  the  system  due  to  the  recoil  of  the  recoiling  mass  and  load  functions 

Ko  Stiffness  matrix  of  the  system  including  stiffiiess  of  springs  of  the  elevating  mass, 
barrel  stiffness  and  supporting  stiffness.  Different  sti^ess  matrix  can  be  chosen 
according  to  backlashs  of  gun  assembly  that  we  note  Kj  (  figure  9  ). 
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Contact 


Figure  9  :  Different  types  of  Stiffness  matrix 


K(t)  Stiffiiess  matrix  of  the  system  due  to  load  functions 

Cq  Dampening  matrix  of  the  system 

C(t)  Coriolis  matrix  of  the  system  due  to  load  functions 

W(t)  Degrees  of  freedom  (w  and  0)  of  the  system  as  defined  in  (6. 1 ) 

P(t)  All  terms  that  do  not  depend  on  the  variables  w  and  0. 

Numerically,  the  choice  of  algorithm  for  the  integration  process  of  (6)  depends  on  the  type 
of  Inertia  and  Stiffness  matrix  of  the  mechanical  system.  They  are  generally  ill-conditioned 
because  of  the  non-structural  masses  (breech,  bore  evacuator,  muzzle  brake,etc...)  and  the 
supporting  stiffnesses.  High  frequencies  are,  all  the  more,  not  necessary  for  system  designers. 
The  reduction  procedure  allowed  to  choose  the  integration  process  algorithm  compatible  with 
the  firing  dynamic  system  (highly  non-linear,  discontinous  between  internal  and  external 
ballistic  and,  particularly  only  slow  dynamics  with  frequencies  less  than  1  kHz).  In  that  case, 
the  Runge-Kutta  fifth  order  method  performs  well  (  minimum  step  =  lO'^o  s  with  an  relative 
error  of  1 0'®).  In  the  order  case,  a  stiff  solver  as  Gear  method  had  to  be  used. 

In  order  to  satisfy  this  requirement,  the  equation  of  (6)  has  been  reduced  by  using  the  modal 
analysis.  The  second  member  of  this  equation  is  calculated  in  Finite  Elements  basis.  The 
equation  of  (6)  becomes: 


Q(l)  +  Ji.Q(t)  +  ‘D.Q(l)  =  '!L 


with  for  (7): 


Ji  = 


(7) 

(7.1) 


The  reduced  dampening  matrix.  This  matrix  is  generally  non-diagonal  and  replaced  by  the 
diagonal  matrix  with  Basile's  hypothesis. 
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<2,  is  a  matrix  of  eigen- vectors.  It  is  the  solution  of: 

=  (D  (7.2) 

with  ®  the  eigen-values  matrix. 

Q(t)  =  <S‘^W(t)  (7.3) 

^  =  <B‘^M^^(M(t).W(t)  +  C(t).W(t)-hK(t).W(t)  +  P(t)).(B  (7.4) 

It  will  be  noticed  that  the  deformation  of  cradle  can  be  added  in  the  same  way  as  the  variable 
of  the  elevating  mass  (0).  The  figure  10  shows  the  result  of  3-Dimensional  Finite  Elements 
code  for  the  dynamic  behaviour  of  cradle.  The  barrel  is  modelled  with  elements  given  by  a 
macroscopic  model.  This  approach  allows  to  estimate  the  coupling  between  dynamic 
behaviour  of  the  cradle  and  the  dynamic  behaviour  of  the  barrel  when  the  recuperator  force  is 
applied  on  the  cradle  without  load  functions  applied  on  the  barrel. 


3.  APPLICATION 


LI.  Model  validatint 


The  macroscopic  simulation  was  coded  with  the  MATLAB  and  SIMULINK  software.  The 
algorithms  of  the  macroscopic  simulation  were  given  more  consistent  by  use  of  MAPLE  V 
symbolic  calculations  for  all  components  of  matrix.  A  macroscopic  simulation  comprising 
first  seven  frequencies  of  the  elevating  mass  was  used  to  simulate  the  dynamic  response  of  an 
elevating  mass  during  firing  as  shown  in  Figure  1 1 . 
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The  studied  weapon  system  has  a  barrel  support  in  order  to  increase  the  stiffness  of  the 
barrel.  The  barrel  support  creates  a  third  contact  (between  the  barrel  and  barrel  support)  that  it 
is  necessary  to  determine  its  characteristics.  The  supporting  stiffnesses  (between  barrel-barrel 
support  as  well  as  barrel-cradle)  are  calculated  by  3-Dimensional  Finite  Elements  Code 
(SAMCEF).  This  modeling  shows  that  the  supporting  stiffnesses  can  be  substituted  by  the 
linear  and  rotating  springs  as  shown  in  Figure  12. 


Figure  12  :  Equivalent  scheme  of  supporting  stiffness 


The  comparison  of  frequency  calculations  between  the  macroscopic  modeling  and  SAMCEF 
gives  an  error  of  less  than  3%  for  the  first  two  modes. 

The  simulation  was  validated  by  a  specific  experiment  (release  and  firing  tests). 

The  weapon  ordnances  studied  this  phenomenon  for  the  cannon  equipping  the  new  french 
aircraft  RAFALE  and  MCF  (Future  Medium  Calibre)  in  the  case  of  a  clamped  assembly  of  the 
weapon  (no  overall  movement  of  the  elevating  mass).  The  system  designers  undertook  more 
general  steps  in  a  turret  with  a  more  flexible  assembly  of  the  turret  system. 

The  experimental  works  were  carried  out  in  1994.  The  experimental  mounting  was  a  firing 
apparatus  with  an  elevating  mass  mounting  on  springs. 
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The  value  of  K^garBox  defined  in  (2)  is  replaced  by  d^.Ksprings  si^d  u  by  0.  The  tests  allowed 
completion  of  the  database  constituted  in  1992  with  the  firing  apparatus  equipped  with  a 
heavy  barrel.  The  location  of  the  sensors  and  their  characteristics  were  chosen  to  acquire  the 
information  necessary  for  comparison  of  the  simulations.  The  following  measurements  were 
processed:  movement  of  the  0  pitch  of  the  elevating  mass  through  a  linear  displacement 
sensor,  recoil  of  the  mass,  deformation  of  the  barrel  measured  with  strain  gauges  stuck  on  the 
barrel,  the  longitudinal  and  vertical  accelerations  of  the  recoiling  mass  (the  accelerometers 
were  assembled  on  a  mechanical  filter).  Note  that  strain  gauges  give  only  the  curvature  of  the 
barrel  (8).  The  barrel  deformations  (w)  can  be  obtained  by  Finite  Elements  method: 


5^w(t,s) 

1 

Alj  AI2 

ds^ 

“  2.R(a) 

s=a 

[h  h\ 

(8) 


r  (8): 

Radius  of  barrel  section  at  s=a 
Relative  extension  of  superior  strain  gauge 

Relative  extension  of  inferior  strain  gauge 

Release  tests,  carried  out  before  the  firing  sequences,  allowed  determination  of  the 
frequencies  of  the  first  two  modes  of  the  barrel,  as  well  as  the  dampening  of  the  first  mode. 
The  frequencies  of  the  macroscopic  model  are  obtained  by  solving  the  eigen-values  problem 
of  (7.2).  Those  frequencies  were  compared  to  release  tests  and  SAMCEF  model  calculations. 
The  macroscopic  simulation  gave  an  estimate,  with  a  several  percentage  discrepancy,  of  the 
different  modes  of  the  gun  assembly.  The  most  interesting  comparison  was  obtained  with  the 
measurements  carried  out  during  the  firing  sequences. 

Figures  12  &  13  show  respectively  the  comparison  theory/tests  for  the  movement  of  0  pitch 
of  the  elevating  mass  and  the  deformation  by  strain  gauges.  It  can  be  noted  that  the 
movements  of  the  elevating  mass  can  be  neglicted  even  though  the  elevating  mass  is  centred. 
The  cause  is  linked  to  the  dissymetry  of  the  recoil  mechanism  creating,  via  the  supporting 
stiffness,  a  low-frequency  torque  which  generates  an  overall  movement  which  has,  through 
coupling,  a  significant  influence  on  the  barrel  movements.  In  fact,  the  spectrum  of  the 
information  in  figure  12  shows  the  same  amplitude  of  the  elevating  mass  as  the  one  linked  to 
the  first  mode  of  the  barrel.  The  strain  gauges  allow  validation  of  the  simulation  without  any 
modification  of  the  intrinsic  characteristics  of  the  barrel.  The  displacement  and  speed  of  the 
barrel  can  be  estimated  from  the  validated  simulation. 
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Note  that  Figure  13  shows  the  amplitude  discrepancy  during  the  internal  ballistic  phase.  The 
dynamic  rate  and  the  magnification  of  macroscopic  model  gave  a  slight  difference  with 
SIMBAD  than  with  measurements.  The  studies  on  microscopic  simulation  done  by  the 
weapon  ordnances  of  Giat  Industries,  are  delivered  in  this  article.  They  did,  however,  permit 
the  system  designers  to  validate  that  the  relative  movement  of  ammunition  in  the  barrel,  high 
frequency  compared  to  the  first  three  modes,  has  an  insignificant  influence  on  the  barrel 
movements.  Studies  were  undertaken  to  show  the  role  of  the  movements  of  the  ammunition 
on  the  performances  of  single-shot  and  burst-firing  sequences.  The  dispersion  parameters  of 
ammunition  defined  in  load  fionctions  (ammunition  eccentricity,  pressure  of  gaz,  etc.. .[3],  [4] 
&  [5])  allowed  to  verify,  statistically,  the  dispersion  estimation  of  the  couple  of  elastic  barrel  / 
projectile. 

3.2.  Macroscopic  simulation  with  aiming  system 

The  integration  of  aiming  system  is  done  by  the  last  component  of  (6)  with  the  variable  of 
elevating  mass  0.  The  mechanical  architecture  is  calculated  is  the  modal  basis  (figure  14). 
Load  functions  are  calculated  is  Finite  Elements  basis  and  coded  in  C  language.  The  basis 
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transformation  module  (Modal  Basis  ^  Finite  Elements  Basis)  has  been  added  to  allow  the 
integration  of  control  system. 


The  Dahl  friction  model  (9)  is  integrated  into  the  macroscopic  model.  It  allows  to  represent 
better,  at  the  contact  between  two  surfaces,  the  dynamic  behaviour  between  pur  elasticty  for  a 
small  displacement  and  Coulomb  friction  for  important  displacements.  This  model  is 
integrated  in  the  Dampening  Matrix. 


dF(e)  ^  dF(e)  m 
dt  de  ■  dt 

with  for  (9): 

1  -  .  signe(0)  .  signe(  1  -  .  signe(6)) 

Fc  Fc 

Fj,  Friction  magnification 

c,i  Dahl  parameters  of  elasticity  behaviour 


dF(e) 

- ^  =  G 

de 


The  principle  of  the  aiming  system  is  based  on  classical  control  principles:  speed  and 
position  closed  loop  with  tachometer  motor  and  elevating  mass  gyrometer  (figure  15).  The 
gain  values  are  dimensionned  by  Bode,  Nyquist  and  Evans  diagrams  of  elevating  mass 
macroscopic  model. 
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The  elaboration  of  the  macroscopic  model  (Mechanical  Architecture  and  Aiming  System) 
provides,  viewed  by  the  system  designers,  the  estimate  of  the  firing  performance  levels  of  the 
weapon  system  to  be  defined.  The  example  below  shows  an  exemple  of  firing  stabilization  of 
the  weapon  system  (figure  16).  The  rate  of  fire  is  400  rounds/mn.  The  number  of  rounds  is  5. 
Four  configurations  were  simulated: 

-  Unstabilized  weapon  system  with  no  fiiction  and  dissymetry  of  recoil  mechanism 

-  Stabilized  weapon  system  with  Dahl  fnction  and  dissymetry  of  recoil  mechanism 

-  Stabilized  weapon  system  with  Coulomb  fiiction  and  dissymetry  of  recoil  mechanism 

-  Stabilized  weapon  system  with  Dahl  friction  and  no  dissymetry  of  recoil  mechanism 


4.  CONCLUSION  AND  FUTURE  PROSPECTS 

The  progressive  and  pragmatic  approach  adopted  for  creating  and  validating  macroscopic 
simulation  of  an  elevating  mass  produced  a  method  of  work  showing,  convincingly,  the 
parameters  that  are  estimated  from  simulation  and  those  which  can  be  measured  during  modal 
analysis  tests  and  firing  sequences  with  a  simple  gun  assembly. 

Modal  analysis  (theoretical  and  experimental)  is  a  necessary  tool  to  understand  the  dynamic 
phenomena  that  govern  on  gun  assemblies  with  a  relatively  complex  architecture. 

The  cooperation  between  the  weapon  ordnances  and  system  designers  of  Giat  Industries 
gave  rise  to  an  original  and  comprehensive  study  on  the  medium  calibre  weapon  that  was 
carried  out  as  feasibility  study  for  the  Future  Medium  Calibre  weapon.  Analysis  of  the 
experimental  data  and  theory  led  to  perceiving,  on  one  hand,  the  dynamic  interactions 
generated  by  the  single-shot  firing  of  a  simplified  elevating  mass  with  behaviour  that  could  be 
controlled  and,  on  the  other  hand,  the  dynamic  phenomena  of  the  barrel  generated  by  single¬ 
shot  firing  with  full  calibre  CTWS  (Cased  Telescoped  Weapon  System)  ammunition  fired 
with  a  firing  device.  The  modes  and  deformations  (both  static  and  dynamic)  of  the  barrel 
could  thus  be  estimated  with  a  discrepancy  of  several  percent  compared  to  the  measurements 
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processed  during  the  trials.  The  results  obtained  will  help  to  adjust  the  overall  simulation  of  a 
future  turret  equipped  with  a  medixim-calibre  cannon  firing  in  bursts  and  particularly  for  the 
study  of  the  performances  of  subsystems  in  burst-firing. 

This  future  study  aims  to  reduce  the  numbers  of  prototypes  to  be  manufactured,  and  to 
diminish  the  number  of  shots  that  have  to  be  fired  in  order  to  have  a  well-performing  gun 
system. 


We  would  like  to  thank  the  DGA  (Delegation  Generale  de  I'Armement:  French  MOD) 
for  financing  the  study  "Assembly  and  aiming  of  an  automatic  weapon  system". 
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Abstract 

Two  conflicting  goals  are  currently  driving  the  design  of  launch  vehicles  utilized  in 
conjunction  with  hypervelocity  launchers  such  as  the  AEDC  Range  G  light  gas  gun.  First,  the 
desire  to  achieve  first  shot  success  tends  to  drive  test  projectile  designs  toward  the  robust.  Second, 
the  desire  to  launch  lighter  weight  payloads  at  ever  increasing  velocities  pushes  the  projectile 
design  to  small  margins  of  safety.  This  second  goal,  coupled  with  a  failure  to  predict  the  influence 
of  transverse  loads  due  to  projectile  balloting,  has  resulted  in  projectiles,  or  their  components,  that 
are  frequently  designed  with  insufficient  strength  to  withstand  the  launch  loads. 

Hypervelocity  testing  is  a  time  consuming  and  costly  process,  requiring  extensive 
preparation  for  launcher  and  instrumentation  set-up.  The  test  projectiles  utilized  are  usually  one  of 
a  kind  with  tight  manufacturing  tolerances  that  make  them  difficult  and  expensive  to  build. 
Therefore,  whenever  a  projectile  fails  in-bore,  or  is  deformed  sufficiently  to  invalidate  test  results, 
two  undesirable  things  happen.  There  is  a  test  schedule  delay  and  the  expense  of  a  re-test  is 
incurred. 

Balloting  analysis  has  been  used  for  many  years  in  conventional  guns  to  help  design 
efficient,  light  weight,  highly  stressed  projectiles  which  are  launched  without  failure. 

Unfortunately,  current  balloting  codes  address  only  part  of  the  critical  balloting  influences  for 
hypervelocity  launches. 

This  paper  summarizes  the  various  phenomena  which  influence  hypervelocity  balloting,  and 
discusses  certain  challenges  involved  in  achieving  realistic  simulations.  A  workable  approach  to 
achieving  this  end  is  also  presented. 
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1.  Introduction 

Two  conflicting  goals  are  currently  driving  the  design  of  launch  vehicles  utilized  in 
conjunction  with  hypervelocity  launchers  such  as  the  AEDC  Range  G  light  gas  gun.  First,  the 
desire  to  achieve  first  shot  success  tends  to  drive  test  projectile  designs  toward  the  robust.  Second, 
the  desire  to  launch  lighter  weight  payloads  at  ever  increasing  velocities  pushes  the  projectile 
design  to  small  margins  of  safety.  This  second  goal,  coupled  with  a  failure  to  predict  the  influence 
of  transverse  loads  due  to  projectile  balloting,  has  resulted  in  projectiles,  or  their  components,  that 
are  frequently  designed  with  insufficient  strength  to  withstand  the  launch  loads.  ^ 

Hypervelocity  testing  is  a  time  consuming  and  costly  process,  requiring  extensive 
preparation  for  launcher  and  instrumentation  set-up.  The  test  projectiles  utilized  are  usually  one  of 
a  kind  with  tight  manufacturing  tolerances  that  make  them  difficult  and  expensive  to  build. 
Therefore,  whenever  a  projectile  fails  in-bore,  or  is  deformed  sufficiently  to  invalidate  test  results, 
two  undesirable  things  happen.  There  is  a  test  schedule  delay  and  the  expense  of  a  re-test  is 
incurred. 

Balloting  analysis  has  been  used  for  many  years  in  conventional  guns  to  help  design 
efficient,  light  weight,  highly  stressed  projectiles  which  are  launched  without  failure. 
Unfortunately,  current  balloting  codes  address  only  part  of  the  critical  balloting  influences  for 
hypervelocity  launches. 

This  paper  summarizes  the  various  phenomena  which  influence  hypervelocity  balloting, 
and  discusses  certain  challenges  involved  in  achieving  realistic  simulations.  A  workable  approach 
to  achieving  this  end  is  also  presented. 


2.  Hypervelocity  Balloting 


Balloting  is  defined,  herein,  as  any  transverse  motion  of  the  projectile  during  inbore  travel^ 
The  following  phenomena  are  considered  to  affect  this  motion  in  hypervelocity  launches; 
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2.1  CG  Offset 


When  the  projectile  center  of  gravity  (CG)  and  principal  axis  are  offset  from  the  bore 
centerline,  the  applied  base  pressure  force  forms  an  overturning  couple  with  the  resisting  axial 
inertia  force,  producing  balloting  motion  (see  Figure  1).  Initial  offset  can  be  produced  by  projectile 
machining  and  assembly.  It  can  also  occur  during  projectile  chambering  (when,  in  addition,  a 
specific  angdar  orientation  is  established).  Clearances  between  the  bore  rider(s)  and  the  launcher 
surface  also  permit  lateral  displacement. 


Hyperveiocity  gas  dynamics  produces  high  frequency  pressure  variation  at  the  projectile 
base,  which  is  evident  even  in  the  relatively  low  level  distribution  shown  in  Figure  2.  Ram  pressure 
forward  of  the  projectile  may  also  be  irregular.  Balloting  motion  from  CG  offset  is  a  direct  function 
of  the  net  high  frequency  pressure  variation  applied  over  the  surface  of  the  projectile. 
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Figure  2;  Gas  Pressure  Profile 

2.3  Stiffness/Mass 

The  stif&ess/mass  distribution  of  the  projectile  configuration  determines  its  response  to 
overturning  moments  and  lateral  impact  forces.  A  more  flexible  structure  permits  greater  CG 
displacement,  thereby  providing  a  further  increase  in  offset  and  subsequent  balloting  motion. 

2.4  Surface  Wear 

Wear,  at  projectile  contact  surfaces  with  the  bore,  produces  or  widens  clearances 
permitting  increased  CG  offset  (see  Figure  3a).  Wear  may  also  modify  the  obturation  preload,  and 
in  some  cases  may  remove  the  preload  altogether,  resulting  in  blow-by.  Additionally,  loss  of 
projectile  material  alters  the  contact  stiffness  between  projectile  and  launcher. 


Any  curvature  of  the  bore  will  produce  centrifugal  forces  in  the  projectile,  inducing 
balloting  motion.  Although  hypervelocity  launchers  are  carefully  monitored  and  their  straighmess 
profiles  are  maintained  to  rigorous  standards,  some  local  curvature  does  exist.  The  severity  of 
induced  balloting  is  dependent  upon  the  abruptoess  of  the  curvature  and  the  velocity  and  mass  of 
the  projectile.  Gravity  droop  of  the  launcher  forms  a  small  part  of  the  bore  curvature  in  well 
supported  hypervelocity  launchers. 

A  curved  bore  can  also  produce  surface  wear,  as  indicated  in  the  sketch  shown  in  Figure 
3b. 

2.6  Bore  Diameter 

Variation  in  bore  diameter  with  axial  distance  effectively  changes  radial  clearances  and/or 
radial  preload  between  the  projectile  and  launcher  as  a  function  of  travel. 
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2.7  Spin  Devices 

Rifling  or  spin  producing  devices  cause  rotational  motion  of  the  projectile  about  its 
longitudinal  axis,  adding  another  component  of  radial  force  to  an  offset  CG. 

2.8  Launcher  Response 

The  launcher  deflects  transversely  as  the  projectile  travels  its  course.  It  interacts  with  the 
projectile  in  an  exchange  of  loading.  Multiple  transverse  supports  are  usually  provided  which 
minimize  this  movement.  Set-back  inertial  loading  has  a  straightening  effect,  but  the  so-called 
Bourdon  Tube  effect  (pressurization  in  a  curved  cylinder)  produces  transverse  motion.  The 
launcher  also  expands  radially  under  the  action  of  gas  pressure  loading.  Stress  waves,  at  critical 
velocities,  may  amplify  this  increase  in  bore  diameter  in  the  vicinity  of  the  projectile,  altering  the 
surface  preload  and/or  clearance. 


3.  Simulation  Challenges 

Projectile  balloting  at  hypervelocity  differs  from  that  at  conventional  powder  gun  velocities 
in  many  respects,  and  presents  certain  challenges  to  the  sunulation  process.  To  be  able  to  replicate 
the  significant  balloting  behavior  of  different  projectile  configurations  in  the  various  types  of 
hypervelocity  launchers,  the  relative  importance  of  these  differences  must  be  evaluated  and  an 
approach  found  to  include  them  in  the  simulation  as  appropriate.  Certain  of  these  challenges  are 
discussed  in  the  following  paragraphs. 


3.1  Hvpervelocitv  Wear 

Projectile  surface  wear  is  a  function  of  velocity,  normal  force  (balloting  and  radial 
preload),  friction  force,  and  temperature  dependent  material  properties.  The  frictional  heat 
generated  can  raise  the  temperature  of  the  projectile  to  a  point  where  ablation  occurs.  Extensive 
wear  can  occur  at  high  velocities  resulting  in  unusual  behavior  of  the  projectile.  In  some  cases, 
wear  can  progress  to  the  point  of  permitting  blow-by,  which  may  result  in  an  unsuccessful  test. 
Asymmetric  pressure  distribution  along  the  length  of  the  projectile  will  increase  balloting  motion. 

If  blow-by  does  occur  (in  a  smooth  bore),  the  projectile  may  rotate  about  its  longitudinal 
axis,  due  to  repeated  impacts  with  the  tube  wall.  This  is  believed  to  be  produced  by  offset 
transverse  impacts  of  worn  smaller  diameter  bourrelets  in  the  slightly  larger  diameter  bore.  As  an 
illustration,  consider  the  sketch  in  Figure  4  of  a  small  disk  undergoing  repeated  elastic  impacts 
with  a  rigid  tube  wall.  If  the  disk  velocity  vector  at  impact  is  not  in  alignment  with  the  center  of 
the  tube,  the  disk  will  rebound  at  an  angle.  Friction  developed  at  the  sxirface  during  impact  will 
produce  a  rotation  of  the  disc.  At  each  subsequent  impact  ^e  disc  will  be  forced  to  rotate  in  the 
same  direction. 

The  disk  analogy  can  be  extended  to  include  projectile  yawing  and  pitching  motion.  Then, 
the  direction  of  rotation  will  be  governed  by  the  largest  impact  forces  which  occur  along  the 
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contacting  surface.  Although  the  total  rotation  at  exit  may  be  relatively  small,  if  spin  orientation 
significant  in  testing,  blowby  can  effect  the  desired  results. 


Figure  4;  Elastic  Impact  of  a  Disk  in  a  Tube 


3.2  Gas  Dynamics 

The  principal  gas  dynamic  effects  on  projectile  balloting  are  transmitted  through  the  gas 
pressures  exerted  on  the  projectile  surfaces.  These  include  the  base  pressure  imposed  by  the 
compressed  light  gas,  or  other  propelling  gas,  the  nose  pressure  exerted  by  the  launch  tube  gas  and 
peripheral  pressures  imposed  by  blow-by. 


The  base  pressure  is  presently  calculated  by  numerical  integration  of  the  equations  for 
quasi-one-dimensional  unsteady  flow  [1].  Any  asymmetric  variation  of  pressure  in  the  radial 
direction  will  apply  an  added  overturning  moment  to  the  projectile,  as  will  an  asymmetric 
distribution  of  gas  pressure  over  the  surface  of  the  projectile  developed  during  blow-by  (see  Figure 
5). 


Calculations  must  be  made  at  relatively  small  time  intervals  to  replicate  the  actual  high  fi:equency 
pressure  oscillations  which  have  a  direct  effect  on  balloting  motion. 


For  two-stage  launchers,  it  is  necessary  to  consider  the  simultaneous  motion  of  both  the 
pump  tube  piston  and  the  projectile  in  a  determination  of  dynamic  pressure  variations.  Their 
relative  positions  in  time  determine  gas  volume  and  axial  distance  between  reflecting  surfaces. 
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3.3  Bore  Curvature 

In  spite  of  using  multiple  supports  and  straightening  adjustments,  the  bore  of  any  launcher 
remains  curved  to  some  degree,  and  even  a  small  curvature  is  significant  in  balloting  at  high 
velocity. 

The  radial  acceleration  (in  g  units)  of  a  point  mass  moving  at  velocity  V,  along  a  curved 
path  of  radius  R,  is  given  by  the  expression  =V^  I  (g-R) .  Applying  this,  as  an  example,  to  a 

rigid  body  projectile  traveling  at  a  velocity  of  18000  fps  in  a  launcher  having  a  local  bore  radius  of 
curvature  of  500  feet  (6000  inches),  the  radial  acceleration  is  calculated  to  be  over  20000  g's.  This 
is  on  the  order  of  20  times  the  g  level  expected  for  projectiles  fired  in  conventional  powder  guns. 

Bore  curvature  may  be  obtained  by  measurement  of  centerline  offset,  in  both  a  vertical  and 
horizontal  plane,  at  a  discrete  number  of  locations  along  the  length  of  the  launcher.  The  curvature 
between  these  locations  is  then  determined  by  curve  fitting  of  the  point  data,  as  illustrated  in 
Figure  6,  for  a  short  section  of  lavmcher.  Here,  a  simple  piece-wise  cubic  curve  is  drawn  through 
the  precise  points  measured  in  the  vertical  plane.  Many  schemes  are  used  to  provide  curve 
definition  [2],  but  care  must  be  taken  with  smoothing,  as  it  is  the  local  curvature  that  will  induce 
the  greatest  lateral  accelerations. 
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The  actual  bore  compound  curvature  can  be  visualized  in  a  view  from  the  rear  of  the 
launcher  looking  forward.  A  Lissajous  plot  of  a  typical  bore  profile  is  shown  in  Figure  7. 


Figure  7:  Bore  Profile  Lissajous  Plot 


The  effects  of  straightening  attempts  in  the  forward  section  of  the  bore  may  be  observed  in 
Figure  8,  where  radial  offset  is  seen  to  be  greatly  reduced.  However,  sharp  local  curvature  may 
still  exist. 
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Figure  8;  Bore  Forward  Section 


3.4  Bore  Diameter 

Variation  in  diameter  of  the  bore  may  also  be  obtained  by  measurement  at  a  number  of 
discrete  locations  along  the  launcher,  and  described  continuously  by  curve  fitting  procedures.  An 
accurate  description  of  the  diameter  profile  is  especially  significant  if  the  bore  is  intentionally 
tapered  to  overcome  the  effects  of  progressive  wear. 

3.5  Stress  Waves 

The  gas  pressure  behind  the  projectile  expands  the  launcher  tube  to  increase  the  bore 
diameter.  The  nominal  static  radial  deflection  under  this  loading  may  be  obtained  with  the  Lame 
equation  for  a  cylinder  of  infinite  length,  and  might  be  on  the  order  of  2  or  3  thousandths  of  an 
inch  (see  Figure  9).  However,  this  value  can  be  amplified  at  the  pressure  front,  in  the  vicinity  of 
the  projectile,  at  certain  critical  velocities. 


Figure  9:  Infinite  Cylinder  with  Moving  Pressure 
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Although  theoretically,  the  maximum  dynamic  amplification  for  a  projectile  traveling  at  the 
critical  velocity  of  dilatation  waves  is  unbounded  (Figure  10),  tests  have  shown  a  maximum  of  4 
times  the  steady  state  radial  displacement  [3].  The  amplification  which  can  occur  when  the 
projectile  is  traveling  at  the  critical  velocity  of  axial  stress  waves  is  unknown. 


Figure  10:  Effect  of  Pressure  Velocity  on  Maximum  Radial  Displacement 


3.6  Two-Stage  Launcher 

The  pump  tube  and  launch  tube  of  a  two-stage  launcher  are  coimected  to  form  a  very  long 
structure.  Movement  of  one  affects  the  other.  However,  modeling  this  great  length  as  a  single 
entity  requires  considerable  computational  resources. 


3.7  Practical  Solution 

A  useful  hypervelocity  balloting  simulation  must  provide  the  necessary  information  for 
projectile  design  with  reasonable  effort  in  a  timely  manner.  The  approach  must  be  easily  adaptable 
to  include  new  developments. 
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4.  Approach 

Arrow  Tech  Associates,  Inc.  has  investigated  modifications  to  its  existing  balloting 
simulation  code,  called  BALANS,  so  that  it  is  applicable  for  hypervelocity  laimches.  Although 
many  changes  must  be  made  to  meet  the  aforementioned  challenges,  the  same  modeling  and 
solution  technique  used  in  BALANS  can  be  retained  for  the  hypervelocity  version,  HYPERBAL. 
A  block  diagram  of  the  basic  modules  of  the  proposed  code  is  shown  in  Figure  1 1 . 


Figure  1 1 :  Hypervelocity  Code  Block  Diagram 


The  current  code  is  based  on  a  timestep  iteration  of  lumped  mass,  beam  type  finite  element 
models  of  the  projectile  (Figure  12)  and  laxmcher.  Non-linear  spring  (Figure  13)are  used  for 
support  of  the  launcher  and  for  projectile/launcher  interaction  [4].  Model  masses  are  lumped  at  the 
beam  end  nodes  and  their  motion  is  calculated  at  each  time  step.  Three  dimensional  motion  is 
considered,  including  the  effects  of  spin,  bore  curvature,  and  bore  diameter  variation.  Axial, 
bending  and  shear  stresses  are  calculated  for  each  projectile  beam  element  at  all  designated  output 
print  steps. 
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Figure  12:  Projectile  Loads  and  Balloting  Model 


Figure  13:  Spring  Type  Elements 
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The  primary  changes  to  be  made  to  the  existing  code  are  summarized  in  the  following 
paragraphs. 

4.1  Modeling  and  Solution 

Since  the  most  complex  balloting  analysis  is  believed  to  be  required  for  two-stage  launchers,  the 
code  is  designed  for  this  capability,  with  the  option  to  analyze  balloting  in  all  other  launcher  types. 
This  means  that  up  to  four  (4)  discrete  models  must  be  available,  the  piston,  projectile,  launcher 
tube  (including  pump  tube),  and  launcher  support  structure.  These  will  be  interconnected,  at 
contact  surfaces,  with  spring  elements. 

The  governing  differential  equations  of  motion  for  the  assembled  models  are  expressed  in 


matrix  form  as: 

Gun  Tube 

Piston 

[  Mjl  z, )+  [c,  ]{ i-.  1 + Jr,  }  =  {/>,)+}  n,, )  E<1-  2 

Projectile 

[M,p,)+[C,p3)+[K,p,}={P,)  Eq.3 

Tube  Support  Structure 

)  +  [c,]{x. )  +  }  =  {?,}  Eq.  4 


where 

X,X,X  ■=  Displacement  and  Derivatives 
M  =  Diagonal  Mass  Matrix 
C  =  Damping  Matrix 
K  =  Assembled  Stiffness  Matrix 
P  =  Pressure,  Inertial,  centrifugal,  and  other  loads 
P„  =  Connecting  Spring  Forces 
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4.5  Bore  Expansion  and  Diameter  Variation 

Bore  expansion,  from  internal  pressurization  and  dynamic  amplification  near  critical 
velocities,  can  be  added  to  static  bore  diameter  variation  at  any  specified  time  and  location  along 
the  launcher.  These  values  can  be  updated  at  each  time  step,  along  with  a  redefimtion  of  projectile 
support  spring  behavior.  Changes  in  bore  diameter  alter  radial  preload  and  clearances.  The 
dynamic  amplification  calculations  will  be  carried  out  within  the  main  balloting  routine. 


4.6  Automation 

The  original  BALANS  code  was  a  file  driven  batch  style  code  with  very  little  user 
interaction  other  than  manual  editing  of  data  files  in  preparation  for  a  balloting  run.  The  emerging 
system  contains  mixed  languages  with  a  window  based  graphical  user  interface  (GUI)  and 
established  data  linkages  between  contributing  modeling  and  analysis  segments. 


5.  Summary 

Several  phenomena,  which  occur  during  projectile  in-bore  travel,  become  more  significant  in 
producing  balloting  motion  at  hypervelocity  than  at  lower  velocities.  The  effects  of  these 
phenomena  have  been  neglected  in  simulation  codes  developed  to  date.  Thus,  there  currently  is  no 
means  of  predicting  the  resultant  balloting  forces  for  hypervelocity  launches.  It  is  critical  to  know 
the  rnagnimde  of  these  forces  in  order  to  ensure  that  a  projectile  is  designed  for  successful  launch. 

The  simulation  of  projectile  balloting  in  hypervelocity  launchers  is  very  complex.  The 
different  phenomena  involved  require  gas  dynamics,  structural  dynamics,  heat  transfer  and  wear 
analyses  to  be  performed  simultaneously. 

Arrow  Tech  Associates,  Inc.  has  investigated  the  challenge  of  developing  a  simulation 
code  specifically  for  the  prediction  of  projectile  balloting  at  hypervelocity.  The  use  of  this  code 
could  help  design  efficient,  light  weight,  highly  stressed  projectiles  which  can  be  launched  without 
failure. 
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Abstract 

A  new  method  for  increasing  the  accuracy  of  remote  predictions  of  aircraft  trajectory  has 
been  developed  based  on  a  radius  of  curvature  estimator  (RC).  This  approach  provides  a  means 
of  increasing  the  accuracy  for  fire  control  systems  based  strictly  on  a  new  tracking  algorithm. 


This  work  represents  a  novel  addition  to  the  work  done  on  attitude  translation  estimators 
(AT)  at  the  U.S.  Army  Armament  Research  Development  and  Engineering  Center  (ARDEC)  and 
the  circular  arc  aimed  munitions  (CAAM)  system  developed  at  the  U.S.  Army  Material  Systems 
Analysis  Activity. 

The  AT  estimator  used  both  translation  and  attitude  data  coupled  with  a  target’s  specific 
dynamic  characteristics  to  improve  the  accuracy  of  conventional  trackers  (1st  and  2nd  order  fire 
control  systems).  The  new  method  uses  translation  and  attitude  measurements  as  well. 
However,  it  represents  the  target  aircraft  dynamics  without  use  of  aircraft  specific  parameters 
and  improves  the  target  trajectory  prediction  by  the  application  of  regression  based  estimated 
measurements. 

The  radius  of  curvature  (RC)  method  uses  sequential  estimates  of  the  radius  of  curvature 
in  the  trajectory  of  an  airborne  target  to  provide  a  basis  for  lead  angle  prediction  in  a  fire  control 
system.  This  paper  presents  the  implementation  of  the  new  tracking  algorithm  and  comparisons 
to  other  tracking  techniques  using  actual  flight  data  for  high  performance  aircraft  recorded  using 
an  aircrew  combat  training  system.  Results  are  presented  for  maximum  and  average  predictive 
errors  derived  from  existing  advanced  tracking  algorithms  and  the  radius  of  curvature  approach. 
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1.  Introduction 

The  CAAM  system  was  developed  at  the  U.S.  Army  Material  Systems  Analysis  Activity 
in  the  1980s.  The  system  relied  upon  the  observation  that  currently  used  flight  control  systems 
cause  the  target  at  times  to  maneuver  in  2D  planes,  fixed  in  3D  space,  in  circular  arcs  (a  so- 
called  coordinated  turn).  A  pilot  is  compelled  to  maneuver  in  an  uncoordinated  turn  to  increase 
his  survivability  against  such  as  a  system.  However,  this  type  of  maneuver  is  undesirable  from 
a  human  factors  point  of  view  due  to  the  fatiguing  lateral  force  that  will  be  generated. 
Determination  of  the  target’s  2D  fixed  planar  orientation,  the  assumption  that  the  tarpt 
movement  during  a  projectile  time-of- flight  is  described  by  a  circular  arc,  and  the  determination 
of  the  maneuvering  acceleration  (normal  to  the  velocity  and  directed  toward  the  center  of  the 
arc)  are  the  key  features  of  the  CAAM  concept. 

The  radius  of  curvature  (RC)  method  follows  the  CAAM  idea  of  modeling  the  target  as 
a  point  moving  in  3D  space  and  estimates  the  instantaneous  radius  of  curvature  of  the  target  as 
it  moves  on  a  curvilinear  path.  This  radius  of  curvature  coupled  with  the  velocity  and  tangential 
acceleration  of  the  target  are  used  to  estimate  the  target’s  total  acceleration.  The  main  differences 
between  the  CAAM  and  the  RC  systems  are:  the  RC  does  not  make  any  assumption  about  a 
circular  path  motion,  the  RC  does  not  assume  a  load  acceleration  normal  to  the  target’s  velocity 
and  the  RC  needs  attitude  data  for  an  accurate  estimate. 


2.  Integrated  Tracking  and  Prediction  Technique 

The  overall  tracking  and  prediction  approach  for  the  RC  method  (schematized  in  Figure 
1)  is  based  on  state  measurements  of  the  target  at  a  specific  instant  by  a  vector  consisting  of 
orientation  (roll,  pitch  and  yaw),  position  (range,  azimuth  and  elevation)  and  the  corresponding 
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positional  derivatives.  The  basic  sequence  of  operations  in  the  tracker  begins  with  tracking  the 
target  for  a  period  of  time  using  inherently  noisy  measurement  data.  The  trajectory 
measurement  data  are  modeled  using  a  piecewise  regression  techmque.  A  linear  Kalman  filter 
is  used  to  optimally  estimate  the  trajectory  measurements.  The  linear  Kalman  filters  predict 
future  target  measurement  data  (for  the  projectile  time-of-flight  time),  generating  artificial 
measurement  data  for  a  non-linear  Kalman  Filter  estimator  which  uses  a  radius  of  curvature 
model  for  target  dynamics. 

This  method  uses  nine  linear  Kalman  filters  running  in  parallel  to  estimate  the  dynamics 
of  the  measurement  data.  These  filtered  estimates  of  the  measurement  data  are  presented  to  the 
extended  Kalman  filter,  which  then,  estimates  target  dynamics.  Ultimately,  when  measurement 
data  are  not  available  (during  the  lead  prediction  interval),  the  algorithm  will  use  regression 
estimates  of  measurement  data  (artificial  measurements)  as  input  to  the  extended  Kalman  filter 
to  predict  the  target’s  position. 


3.  Radius  of  Curvature  State  Model 


The  most  innovative  aspect  of  this  approach  is  a  tracking  algorithm  based  on  a  radius  of 
curvature  estimator.  This  approach  has  a  significant  advantage  over  the  existing 
attitude/translation  based  tracking  algorithms.  Both  vehicle  position  and  attitude  are  used  to 
estimate  vehicle  dynamics  without  requiring  vehicle-specific  inertial  data.  This  approach 
provides  analytical  coupling  of  target  attitude  and  translation  without  relying  on  mass  properties. 
A  totally  unknown  target  class  can  now  be  tracked  with  all  the  advantages  of  attitude- 
translational  dynamic  models. 

The  radius  of  curvature  estimator  is  derived  from  the  definition  of  the  curvature  of  a 
particle  trajectory  in  terms  of  its  positional  derivatives.  The  total  acceleration  of  an  airplane  is 
defined  as  the  load  acceleration  plus  gravity: 


+  g 


The  load  acceleration  can  be  defined  as  the  tangential  acceleration  plus  the  normal  acceleration: 

2 


a. 


Ut  +  aj^ 


For  any  particle  moving  along  a  smooth  curve  in  three  dimensional  space,  the  velocity  and  load 
acceleration  vectors  can  be  written  as: 


V  - 
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<fis 

dt^ 


r  +  K 
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where  5  is  an  arc-length  parameter  for  the  curve  and  T,  N  and  ^  denote  the  unit  tangent 
vector,  unit  normal  vector  and  curvature,  respectively. 

If  the  position  vector  at  time  r  in  the  inertial  coordinate  system  is  given  by: 

r  f  Z'  5 

r  -  XI  +  yj  +  zk 


then 


*  .  *  .  ,/?T7T? 

dtdt 


and 


d^s  ^  XX  +  +  zz 

Squaring  both  sides,  the  first  time  rate  of  change  of  s  may  be  found  as; 

[dt] 
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Given  the  standard  definition  of  ^  : 


rxr| 


or 


\J(yz-yzf  +  (xz-xzf-  +  (xy-xyf 


\/x^  +  y^  +  z^ 


the  magnitude  of  the  tangential  acceleration  can  be  expressed  as: 

d^s  _  XX  -I-  3^'  +  u 
df’  +  y2  ^  ^2 
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and  the  magnitude  of  the  normal  acceleration  can  be  expressed  as: 

_  y/iyz-yzf  +  (xz-xz)^  +  12 

dt]  ^^2  +  ^2  ^  ^2 


The  components  of  the  tangential  acceleration  in  the  inertial  coordinate  system  can  be  obtained 
with  the  definition  of  the  unit  tangent  vector: 


II 
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The  components  are  given  by: 

xixx  yy  +  zz) 

z 
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j  y(ix  +  :)y  +  zz) 

+  z^ 
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z(xf  +  yy  +  zz) 

>2  -2  *2 

*  +  y  +  z 
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The  components  of  the  normal  acceleration  in  the  inertial  frame  can  be  obtained  by  decomposing 
the  normal  vector  into  the  body  axis  reference  frame  and  rotating  the  resultant  frame  into  the 
inertial  frame  by  use  of  the  Euler  angles: 

=  (cosi|;  COS0  sina  -  cosf  sin0  cos(j)  cosa 

17 

-  sini|f  sincj)  cosa) 

Cfj  “  (sini|r  cos0  sina  -  sinijr  sin0  cos(|)  cosa 

18 

+  cos  i|r  sine})  cosa) 

Off  -  (-sin0  sina  -  cos0  cos(|)  cosa) 

19 

Given  these  components,  the  definitions  of  the  cartesian  accelerations  can  be  expressed  as: 
X  “  [Cjsina  +  (Cj  +  C3)cosa][(yz  -  yzf  +  (xz  -  xzf 


+  {xy  -  xyf]^'^ 

+  xixx  +  +  zz)[x^+y^+z^T^ 


23-6 


CATTANI,  EAGLE,  KUHL 


where: 


y  -  [c^sina  +  (Cj  +  Cg)cosa][Cyf  -  yzf  +  (xz  -  xzf 

+  (iy  -  xyf]^'^  [x^+y^+z^Y^'^ 

+  yipcx  +  )^‘  +  zz)[x^+y^+z^Y^ 
z  '  [c^sina  +  CgCOsa][(yz  -  yzf  +  {xz  -  xzf' 

+  {xy  -  [x'^+y^+z^Y^^ 

+  z{xx  +  jy  +  zz)[x^+y^+z^Y^  +  g 


21 


22 


c 


2 


Cj  -  cosi|f  cos  6 
■=  -cos  ijj  sin  0  cos  (J) 
C3  =  -sinil;  sin  4) 

C4  •=  sun|r  cos  6 
■=  -sin  i|;  sin  6  cos  4) 
«  cos  4;  sin  4> 

C7  •=  -sin  6 


Cg  =  -cos  6  cos  4) 

The  observed  Euler  angles  can  be  preconditioned  with  linear  Kalman  filters  making  the  terms 
Cj,  Cj  ...  Cg  constant  between  discrete  time  steps.  Alternatively,  the  terms  can  be  treated  as 
states.  The  latter  option  greatly  increases  the  complexity  of  the  state  transition  Jacobian. 


Using  the  first  option,  the  following  state  transition  variables  can  be  defined  as: 

d^  =  c^ic^  +  C3)  -  CjCCj  +  Cg) 

^2  “  <^7(^2  +  C3)  " 

^3  ‘  ^7(^5  ^  ■  <^4^8 


The  system  dynamics  can  be  described  as: 


"1 


^1 


23 

24 

25 

26 
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^2 

X - +  Wj 

27 

^1 

X. 

i  +  W3 

28 

^1 

X4  “  [(^1-^5  ^2^^ A  ^  ■^10  ^4 

29 

ij  -  [("^1-^4  -^11  ^5 

30 

^6  “  [(-^2^4  +  ^3^5)/l  +  VJ/s  +  ^12  +  ^6 

31 

X7  -  X4 

32 

^8  “  ^5 

33 

^9  -  ^6 

34 

^10  “  ^10/^2  +  ^7 

35 

^11  =  ^11/^2  +  ^8 

36 

X12  -  +  W9 

37 

/i>  fi  /s  are  defined  as: 

38 

,  =  ^{x^x^  -  x^x^f  +  (X4X3  -  x^x^f  +  ix^x^-x,x^f 

fi  '  ->^4^1  +  ^5^2  +  ^6^3 

39 

U  “  ^ 

*'3  2  2  2 

40 

The  jerk  is  modeled  as  a  Markov  process.  The  terms  ^2  •••  ^^9  represent  additive  Gaussian 

noise.  The  state  variables  ^lo’  •^ii  ^12  are  process  noise  added  to  compensate  for 
unmodeled  lateral  accelerations  and  gusts. 


The  positional  derivative  data,  used  in  conjunction  with  necessary  attitude  estimates  (to 
perform  transformations  between  the  aircraft  body  axis  and  the  inertial  axis),  provide  the  basis 
for  a  set  of  state  equations  (Equations  26-37).  This  state  model  is  used  to  construct  a  robust- 
continuous-discrete  extended  Kalman  filter  estimator. 
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4.  Prediction  Performance 


A  high  g  turn  was  used  to  perform  a  comparative  study  between  the  performance  of  the 
Attitude/Translation  (AT)  Predictor  and  the  Radius  of  Curvature  (RC)  Predictor  with  artificial 
measurements.  The  variance  of  the  measurement  noises  are  given  in  Table  1. 


MEASUREMENT 

VARIANCE 

(l> 

0.00076  rad 

e 

0.00076  rad 

0.00076  rad 

R 

2500  ft 

n 

0.000004  rad 

$ 

0.000004  rad 

R 

2500  ft/s 

h 

0.000016  rad/s 

0.000016  rad/s 

Table  1  Measurement  Noise 


A  long  duration  trajectory  for  a  high  performance  aircraft  was  used  to  compare  the  performance 
in  a  high  dynamic  maneuver  as  illustrated  in  Figure  3. 

A  4.5  g  turn  to  the  left  while  diving  was  the  selected  maneuver  to  test  the  comparative 
performance  of  the  predictors.  This  maneuver  is  seen  seen  in  the  upper  right  hand  comer  of 
Figure  3.  The  turn  had  accelerations  ranging  from  0.5  to  4.5  g  and  velocities  close  to  Mach 
0.7.  The  maximum  bank  angle  was  close  to  90  degrees.  The  total  duration  of  the  selected 
trajectory  was  45  seconds.  Clearly,  this  is  a  demanding  test  for  a  prediction  algorithm  due  to  the 
high  accelerations  witnessed  by  the  aircraft. 

All  comparisons  were  based  on  a  continuous  one  second  forward  prediction  of  aircraft 
trajectory.  It  should  be  noted  that  the  error  measurements  are  not  necessarily  an  absolute 
indication  of  the  tracking  or  prediction  accuracy,  since  the  measurements  were  made  at  a 
distance  of  6-7  miles  away.  Furthermore,  the  measurements  were  made  on  a  real  aircraft  with 
a  radar  cross  section  that  varies  with  attitude. 

The  results  of  the  prediction  performance  are  summarized  in  Table  2  in  terms  of 
Euclidean  errors  (square  root  of  the  sum  of  squares).  A  maximum  Euclidean  distance  and  the 
Euclidean  arithmetic  average  of  the  errors  are  given. 
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I  EUCLIDEAN  ERRORS 

MAXIMUM 

(Feet) 

AVERAGE 

(Feet) 

Existing  Attitude/Translation  Estimator 
with  Runge  Kutta  Prediction 

226 

127 

Radius  of  Curvature  Estimator 
with  Artificial  Measurements 

216 

110 

Table  2  Error  Statistics 


The  comparisons  show  an  improvement  in  average  and  maximum  prediction  errors 
when  the  RC  estimator  with  artificial  measurements  is  used  instead  of  the  AT  estimator  with 
Runge-Kutta  prediction.  The  results  shown  by  the  RC  estimator  compare  favorably  with  the 
AT  approach,  especially  when  considering  the  fact  that  no  vehicle  specific  information  is 
needed.  It  should  be  noted  that  the  ultimate  performance  of  each  approach  cannot  really  be 
defined  since  the  comparisons  are  being  made  with  real  radar  data  rather  than  theoretically 
exact  simulation  data.  Therefore,  there  is  no  ground  truth  for  comparison  to  the  actual 
position  of  the  aircraft. 


23-10 


CATTANI,  EAGLE,  KUHL 


5.  Conclusions 

The  radius  of  curvature  (RC)  method  represents  a  flexible  and  productive  means  of 
increasing  the  accuracy  of  lead  angle  prediction  in  a  fire  control  system.  This  technique  is 
able  to  achieve  results  comparable  to  or  better  than  techniques  that  require  substantial  vehicle 
specific  information  about  the  target.  The  RC  approach  may  be  able  to  offer  more  accurate 
lead  angle  prediction  than  other  circular  arc  estimators  due  to  its  more  complete  modeling  of 
the  3D  kinematics  of  the  target. 
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Abstract: 

In  recent  studies,  many  neural  network  controller  configurations  for  structural 
control  have  been  suggested.  Many  of  these  controllers  have  been  successfully 
implemented  in  simulation  as  well  as  using  PC  based  data  acquisition  hardware.  These 
studies  have  shown  that  in  addition  to  conventional  controller  design  methodologies, 
neural  networks  offer  an  effective  basis  for  design  and  implementation  of  controllers. 
With  the  introduction  of  the  Electronically  Trainable  Analog  Neural  Network 
(ETANN)  chip  i80170NX  by  Intel  and  a  digital  neural  network  chip  Nil 000  by 
Nestor  Corp.,  hardware  implementation  of  neural  network  based  controllers  has  been 
made  possible.  These  neural  network  chips  have  also  found  applications  in  other  areas 
such  as  signal  processing  and  character  recognition. 

In  this  paper,  capabilities  of  the  ETANN  based  robust  controllers  for  smart 
structures  have  been  investigated.  Robust  controllers  like  LQR,  modified  LQG/LTR 
and  Hj/H^  were  implemented  on  a  cantilever  plate  system  which  used  shaped  PVDF 
film  sensors  and  PZT  actuators.  The  controller  design  methods  using  Linear  Matrix 
Inequalities  (LMI)  theory  are  investigated  for  the  accommodation  of  limited  acmator 
forces  in  smart  structural  systems.  The  robust  controllers  were  implemented  using 
two  different  neural  network  architectures  suggested  by  Narendra  and  Parathasarathy. 
For  structural  systems,  these  neural  network  architectures  use  past  values  of  the 
systems  and  multi-input  multi-output  systems.  Modified  back  propagation  algorithms 
like  the  adaptive  learning  rate  algorithm  and  selective  training  algorithm  were 
developed  to  enhance  the  learning  and  significantly  reduce  the  training  time. 

Analog  hardware  components  used  in  the  interface  between  the  ETANN  chip,  the 
actuators  and  the  sensors  on  the  smart  structure  test  article  have  been  described  in 
detail.  Special  considerations  about  the  fully  analog  implementation  of  the  controllers 
which  can  be  ignored  in  simulation  have  been  pointed  out.  Practical  consideration  in 
training  the  analog  neural  network  chip  for  optimal  performance  has  also  been 
described.  Experimental  results  of  the  closed  loop  performance  and  robustness 
properties  of  the  smart  structural  system  are  presented. 
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ABSTRACT: 

Three-dimensional  flow  simulations  are  presented  for  constant  diameter  ejectors  inclined  at  30*  with 
respect  to  a  flat  plate.  A  flat  plate  is  used  to  approximate  the  small  bore  surface  curvature,  relative  to  that  of  the 
ejector,  present  in  gun  bore  evacuators.  The  effectiveness  of  the  bore  evacuator  depends  upon  several  factors, 
including  the  details  of  mixing  processes  between  the  supersonic  jets  and  the  augmented  flow.  The  NPARC  code 
was  employed  to  calculate  Ae  Euler  solution  for  a  pressure  ratio  6.5  supersonic  jet.  Experimental  observations 
confirmed  that  with  a  small  flow  exit  divergence,  a  significantly  different  jet  structure  was  obtained  which  resulted 
in  more  efficient  mixing.  The  CFD  solution  demonstrated  qualitative  and  quantitative  agreement  with  experimental 
data,  and  demonstrated  the  need  for  a  fine  mesh  to  resolve  the  structure  of  the  supersonic  jet.  Comparison  with 
experimental  jet  Mach  number  profiles  illustrated  that  although  the  Euler  solution  captured  some  important 
features  of  the  ejector  flow  field,  a  fully  viscous  solution  is  needed. 
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ABSTRACT 

Three-dimensional  flow  simulations  are  presented  for  constant  diameter  ejectors  inclined  at  30**  with 
respect  to  a  flat  plate.  A  flat  plate  is  used  to  approximate  the  small  bore  surface  curvature,  relative  to  that  of  the 
ejector,  present  in  gun  bore  evacuators.  The  effectiveness  of  the  bore  evacuator  depends  upon  several  factors, 
including  the  details  of  mixing  processes  between  the  supersonic  jets  and  the  augmented  flow.  The  NPARC  code 
was  employed  to  calculate  the  Euler  solution  for  a  pressure  ratio  6.5  supersonic  jet.  Experimental  observations 
confirmed  that  with  a  small  flow  exit  divergence,  a  significantly  different  jet  structure  was  obtained  which  resulted 
in  more  efficient  mixing.  The  CFD  solution  demonstrated  qualitative  and  quantitative  agreement  with  experimental 
data,  and  demonstrated  the  need  for  a  fine  mesh  to  resolve  the  structure  of  the  supersonic  jet.  Comparison  with 
experimental  jet  Mach  number  profiles  illustrated  that  although  the  Euler  solution  captured  some  important 
features  of  the  ejector  flow  field,  a  fully  viscous  solution  is  needed. 


INTRODUCTION 

Gun  bore  evacuators  are  ejector  pumps  which  remove  residual  propellent  gases  from  the  barrel  after  firing. 
The  effectiveness  of  the  bore  evacuator  depends  upon  several  factors,  including  the  details  of  mixing  processes 
between  the  supersonic  jets  and  the  augmented  flow.  It  is  desirable  to  improve  the  ejector  pump  efficiency  to 
ensure  that  these  toxic  gases  do  not  flow  back  into  the  crew  cabin  when  the  breech  is  opened. 


Bore  Evacuator  Development  at  The  Ben6t  Laboratories 

Thirty  years  after  the  initial  work  on  cannon  bore  evacuators  [1],  emerging  high  energy  propellant  and 
rapid  fire  development  with  the  120  mm  M256  tank  gun  necessitated  modem  bore  evacuator  design  flow  code 
modeling.  Present  work  grew  from  initiatives  at  Ben6t  in  1984  to  attempt  predictions  of  field  test  measurements. 
The  field  test  prediction  method  linked  interior  ballistics  codes  to  one-dimensional  (ID)  models  for  the  evacuator 
charge/discharge  cycle.  Resulting  quasi- ID  codes  have  been  developed,  beginning  with  one  called  BLISCHARGE 
used  to  predict  the  time  and  amount  of  total  flow  throughput  due  to  air  induced  by  the  evacuator  after  the  breech  is 
opened.  This  code  inputs  canister  and  ejector  geometry,  breech  opening  time  and  the  ballistic  data.  To  validate  the 
discharge  model,  bench-top  tests  using  steady  room  temperature  air  were  conducted  at  Rensselaer  Polytechnic 
Institute  (RPI)  on  a  42  %  scale  evacuator  beginning  in  1986.  These  tests  verified  the  steady  ID  flow  results  for  the 
existing  M256  design;  but  only  for  the  case  where  the  canister  pressure  is  held  at  a  steady  constant  value. 
Steady-state  laboratory  measurements  also  verified  performance  predictions  obtained  with  BLISCHARGE,  but 
field  test  measurements  were  found  to  be  inconclusive.  These  early  calculated  results,  given  in  an  internal 
document,  were  thus  used  as  a  guide  for  the  relative  scale  of  flow  throughput  in  the  cannon,  given  a  range  of  breech 
opening  times.  Theoretical  and  experimental  aspects  of  this  work  were  presented  in  January,  1989  [2]  and  on 
March  16-17  of  the  same  year  at  the  1st  Ben6t  Bore  Evacuator  Seminar. 

Improvements  in  laboratory  test  procedures  and  modeling  began  with  FY90  initiatives:  (a)  use  of  the  RPI 
shock  tube  to  test  the  65%  scale  canister  charge  gas  dynamics;  (b)  test  a  full  scale  bore  evacuator  on  the  M256  tube, 
using  steady  room  temperature  air  flow;  (c)  apply  thermochemical  methods  to  determine  propellant  toxic  gas 
compositions  and  effect  on  the  flow  model  due  to  real  gas  effects.  These  efforts  reported  supersonic  jet  effects  due 
to  the  discharge  ejectors  [3],  postulated  and  analyzed  the  shock  ignition  mechanism,  due  to  sudden  opening  of  the 
evacuator  charge  inlets,  to  explain  the  anomalous  two-fold  pressure  rise  at  first  fire  as  a  manifestation  of  secondary 
combustion  following  shock  ignition  of  fuel  rich  propellant  gases  [4,5],  and  produced  improved  ID  perfect  gas 
models,  now  validated  by  the  I&I  measurement  program  [6]. 
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Experimental  Determination  of  Bore  Evacuator  Performance 

Experimental  studies  have  been  undertaken  to  determine  the  baseline  performance  of  a  generic  bore 
evacuator  modeled  on  a  currently  fielded  design  [7].  The  ejector  nozzle  geometry  for  currently  fielded  weapons 
consists  of  constant  diameter  cylinders  angled  at  30“  through  the  barrel  wall.  Additional  experiments  investigated 
several  ejector  modifications  intended  to  improve  bore  evacuator  pump  efficiency  [7-9].  In  particular,  experiments 
in  Ref.  8  illustrated  the  importance  of  ejector  geometry  and  jet  structure  in  determining  the  ability  of  the  evacuator 
to  induce  air  through  the  breech.  In  these  experiments,  the  initially  constant  diameter  nozzle  was  given  a  shallow 
exit  divergence  of  14“,  resulting  in  an  increased  mass  flow  augmentation  ratio  up  to  35%  above  the  baseline  bore 
evacuator's  performance  for  constant  diameter  ejectors  inclined  30“  to  the  weapon  axis. 

Experimental  observations  confirmed  that  with  this  small  flow  exit  divergence,  a  significantly  different  jet 
structure  was  obtained  which  resulted  in  more  efficient  mixing.  Because  of  the  importance  of  the  ejector  flow  in 
determining  the  velocity  of  air  induced  through  the  breech,  tests  were  conducted  to  investigate  the  behavior  of  the 
divergent  supersonic  jet  expansions  [8].  Pressure  distributions  and  schlieren  photographs  were  obtained  for 
constant  diameter  and  diverging  nozzle  ejectors  inclined  at  20“,  30“,  and  90“  to  a  flat  plate.  These  experiments 
verified  that  the  supersonic  jet  was  deflect^  upstream  after  exiting  the  constant  diameter  ejectors.  The  jet  angle  for 
the  diverging  nozzles  remained  nearly  the  same  as  the  geometric  ejector  angle. 

Figure  1  presents  schlieren  photographs  taken  from  Ref.  8,  for  both  constant  diameter  and  diverging 
nozzle  ejectors.  Diverging  nozzle  ejectors  Imd  a  nozzle  half-angle  of  7“  and  an  expansion  ratio  of  1.48.  The  small 
expansion  for  the  diverging  nozzle  had  a  large  effect  on  the  flow,  resulting  in  less  spreading  of  thQ  jet  and  no 
upstream  deflection,  as  compared  with  the  constant  diameter  case.  These  results  agree  qualitatively  with  an 
experimental  study,  by  Wlezien  and  Kibens  [10],  of  supersonic  jets  issuing  from  asymmetric  nozzles.  Figure  2  [8] 
presents  a  comparison  of  mass  flow  augmentation  ratio  for  constant  diameter  and  diverging  nozzle  ejectors 
installed  at  20“  and  30“  in  model  gun  bore  evacuators.  The  diverging  nozzle  ejectors  increased  the  mass  flow 
augmentation  ratio  by  35%  at  high  reservoir  pressures,  for  ejectors  inclined  30“  to  the  weapon  axis,  and  up  to  45% 
for  ejectors  inclined  at  20“. 

Ben6t  and  RPI  team  members  have  advanced  ideas  to  improve  the  evacuator  performance:  including 
substitution  of  a  shallow  14“  flared  nozzle  flow  exit  at  the  bore  wall,  instead  of  the  constant  diameter  exit; 
staggered  and/or  swirl  nozzles;  also  the  possible  combinations  of  these  innovative  nozzle  ideas.  The  idea  of  a 
pre-reservoir  was  suggested  for  the  tank  cannon.  The  pre-reservoir  would  result  in  longer  effective  operation  of  the 
evacuator  by  increasing  the  charge-up  pressure  of  the  main  reservoir.  Because  conventional  cannon  bore  evacuator 
design  is  generic,  the  Tank  Main  Aimament  and  Advanced  Field  Artillery  Systems  Offices  have  sponsored  these 
initiatives. 


(a) 


(b) 


Fig.  1  Schlieren  photographs  of  (a)  constant  diameter  and  (b)  diverging  nozzle  ejector  supersonic  jets; 
the  ejectors  were  inclined  at  20“  to  a  flat  plate. 
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Fig.  2  Mass  flow  augmentation  ratio  for  constant  diameter  and  diverging  nozzle  ejectors  [8]. 


Finite  Element  Bore  Evacuator  Design  Flow  Code 

Bore  evacuator  designs  would  benefit  greatly  from  a  numerical  model  which  could  enable  engineers  to 
select  the  most  promising  ideas  for  evaluation  in  scale  model  and  full  scale  experiments.  CFD  solutions  can  be 
much  more  valuable  than  scale  model  or  full  scale  test  data,  since  the  numerical  results  provide  detailed 
information  over  a  large  region  of  the  flow.  This  information  is  much  more  detailed  than  available  from  any 
experiment,  since  it  provides  properties  which  are  difficult  or  impossible  to  measure.  Typical  results  from  a  CFD 
study  supply  enough  information  to  calculate  any  flow  property  at  any  point  in  the  flow,  limited  only  by  the 
assumptions  entailed  in  the  computer  code  used  to  determine  the  solution.  Calculations  can  also  take  into  account 
equilibrium  or  finite  rate  chemistry,  allowing  the  chemical  composition  at  any  point  in  the  flow  to  be  determined. 

A  computer  program  to  simulate  cannon  bore  evacuator  flow  is  currently  being  developed  [11].  This  code 
must  be  checked  against  real  world  data  to  gain  the  confidence  necessary  to  use  it  during  the  design  process.  The 
computer  code  must  be  verified  to  ensure  that  it  solves  the  equations  correctly,  then  compared  to  experimental  da^ 
to  confirm  that  it  incorporates  the  proper  physical  models  [12].  The  initial  phase  involves  using  the  code  to  obtain 
solutions  to  model  problems  which  are  related  to,  but  simpler  than  the  full  bore  evacuator  flow.  These  solutions 
should  be  compared  to  analytical  results  to  confirm  that  the  code  solution  process  is  free  of  errors.  An  established, 
previously  verified  code,  such  as  NPARC  [13],  may  be  used  when  analytical  solutions  are  unavailable. 
Experimental  results  are  not  necessary  for  this  procedure;  indeed,  they  are  meaningless  for  validating  proper  code 
execution,  i.e.,  obtaining  stability,  convergence,  and  simulation  accuracy. 

Favorable  comparison  between  calculated  solutions  with  different  codes,  or  between  comput^  and 
analytical  solutions,  can  provide  confidence  that  the  codes  are  operating  properly,  i.e.,  that  they  are  solving  the 
equations  correctly.  However,  the  results  of  numerical  simulations  must  also  be  compared  to  actual  physical 
measurements  to  confirm  that  the  equations  incorporated  in  the  code  are  adequate  to  sirnulate  the  physics  of  the 
problem.  This  code  validation  process  must  be  performed  on  problems  which  have  similar  flow  features  as  the 
problem  of  interest;  this  step  is  independent  of  the  verification  that  the  code  operates  properly,  as  indicated  above. 

It  was  postulated  that  improved  gas  dynamic  modeling  would  be  required  for  a  flow  code  designed  to 
predict  the  optimum  prototype  performance  from  among  the  several  flow  configurations  suggested.  The  model 
must  be  three-imensional  (3D)  to  capture  the  basic  physics  of  the  problem.  In  1990,  Benet  submitted  a  solicitation 
to  the  ARDEC  Small  Business  Innovation  Research  (SBIR)  office  for  sponsorship  of  cannon  bore  evacuator  design 
flow  code  development.  Computational  Mechanics  Corp.  (CMC),  TN,  was  awarded  a  Phase  I  contract  to  obtain 
validation  of  a  finite  element,  CFD  technique.  Sufficient  merit  with  a  two-dimensional  (2D)  method  was  developed 
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in  Phase  I  [14]  for  continuation  with  a  3D,  Phase  n  effort.  CMC's  3D  evacuator  simulations  for 
subsonic-to-supersonic  charge  flow  conditions  and  supersonic-to-subsonic  turbulent  discharge  flow  has  challenged 
computational  resources,  first  on  the  Army  Research  Laborato^  (ARL)  KSR-1  parallel  processing  machine  and 
currently  on  the  Cray  T3D  at  Eglin  AFB.  Results  of  cooperative  efforts  by  Ben^t  and  CMC  were  presented  in 
Ref.  11.  The  CMC  deliverable  code,  called  AKCESS.BOREVAC,  is  developed  on  their  licensed  platform,  a  special 
purpose  Unix  shell  called  AKCESS.*,  which  performs  well  with  algorithms  designed  for  incompressible  iwrous 
flows,  but  is  currently  slow  with  nonlinear  and  dynamically  changing  conical  type  [15]  flow  conditions  in  the 
region  about  the  ejector  ports.  To  quote  their  code  development  assessment  by  CMC  as  it  approached  the 
twenty-third  month  of  Phase  E: 

This  research  stems  from  realization  by  technical  principals  at  Army's  Ben6t  Laboratories,  and  at 
CMC,  that  CFD  simulation  capabilities  were  emerging  potentially  applicable  to  bore  evacuator 
performance  assessment.  Many  ingredients  are  requir^  to  make  this  feasible,  important  among 
which  are  advanced  CFD  computational  theories,  in  particular  the  finite  element  method,  the 
emergence  of  Unix  graphics-work  stations,  and  practical  maturation  of  parallel  processing  to 
achieve  3-dimensional  simulations  in  reasonable  wall  clock  time.  CMC  proposed  integrating 
innovative  ideas  and  leading  edge  technologies  into  a  desktop  environment  for  the  design 
engineer.  The  demanding  simulation  character  is  the  large  disparity  in  length  scales  present  in  the 
artillery  piece.  The  evacuator  reservoir  ejector  ports  have  diameters  on  the  order  of  millimeters, 
while  the  bore  is  centimeters  in  diameter  and  meters  in  length  [a  total  ejector  to  bore  flow  area 
ratio  =  0.007  for  the  M256].  The  ejector  ports  are  drilled  at  angles  to  the  bore  center  line, 
presenting  a  very  demanding  discretization  character  to  CFD  procedure,  CMC  brought  forefront 
research  achievements  in  finite  element  CFD  methodology  particularly  applicable  to  this 
stringent  requirement.  [...]  The  net  result  is  stable  computations  using  highly  skewed  meshes 
containing  cells  with  inordinate  aspect  ratios,  while  operating  at  diverse  pressure  ratios  (up  to 
1500:1  atm).  CFD  computations  are  very  compute-intensive,  and  take  considerable  machine 
resources  to  obtain  a  simulation.  The  3D  simulation  of  the  complete  artillery  piece  during  the 
entire  operation  cycle  is  presently  beyond  the  capabilities  of  modem  parallel  computer  hardware 
systems.  Therefore,  a  domain  decomposition  procedure  is  developed  to  segregate  various 
performance  aspects  of  the  bore  evacuator  system,  taking  advantage  of  admissible  boundary 
conditions  as  appropriate  [16]. 

One  of  these  domains  can  be  simplified  further  by  considering  3D  flow  through  a  single  ejector  over  the 
symmetry  plane  containing  the  ejector  nozzle's  axis,  solving  only  the  Eulerian  problem  with  appropriate  slip 
boundary  conditions  at  the  wall.  Although  this  solution  is  non-dissipative,  it  remains  rotational  so  that  the  entropy 
structure  associated  with  the  Mach  shock  bottle  is  captured  by  the  equation  set  cast  in  its  divergence  free 
formulation.  The  ensuing  inviscid  flow  of  a  perfect  gas  (air  at  room  temperature)  has  been  simulated  with  the 
NPARC  code  and  compared  to  pressure  measurements  and  with  schlieren  photography,  the  principle  topic  of  this 
report. 


There  are  several  different  levels  of  confidence  which  can  be  associated  with  the  term  validated  when 
used  to  describe  a  CFD  code,  depending  upon  the  type  and  extent  of  experimental  data  used  to  evaluate  the  code’s 
performance.  Extensive  experimental  data  along  boundary  surfaces  and  within  the  flow  field  is  required  for  the 
strictest  definition  of  a  validated  code.  Comparison  of  performance  data  or  limited  surface  data  results  in  a 
design- validated  code,  if  the  comparison  is  favorable  for  parameters  important  for  design  (e.g.,  discharge 
coefficient,  C^).  Such  a  code  can  be  used  to  accurately  predict  only  the  quantities  for  which  it  was  validated  [17]. 
The  validation  process  establishes  the  extent  to  which  a  calculated  solution  can  be  expected  to  match  real  flows. 

The  purpose  of  the  cuirent  study  is  to  provide  a  solution  of  a  flow  problem  related  to  conditions 
experienced  by  a  gun  bore  evacuator.  The  solution  was  obtained  using  the  NPARC  code,  which  has  been  verified 
and  validated  for  supersonic  jet  flows  [13].  The  solution  was  used  to  gain  insight  into  the  pumping  action  of  the 
inclined  ejectors  mounted  in  gun  bore  evacuators.  This  result  can  also  be  compared  to  calculations  from  the  code  of 
Ref.  1 1,  for  the  purpose  of  verifying  that  the  AKCESS.BOREVAC  code  is  free  of  errors.  In  addition,  measurements 
of  the  CPU  time  requirements  for  NPARC  can  be  useful  in  judging  the  relative  efficiency  of  other  codes. 


Euler  Simulation  of  Single  Ejector  Flow 

The  proper  simulation  of  the  entire  gun  bore  evacuator  cycle  is  a  very  challenging  problem.  It  involves 
large  scale  flow  through  the  gun  bore  driven  by  small  flow  scales  near  the  ejectors.  A  typical  ratio  of  total  ejector 
area  to  bore  area  is  10‘\  In  addition,  the  flow  is  unsteady,  with  portions  of  the  domain  lanunar,  transitional,  and 
turbulent  at  different  times  during  the  bore  evacuator  cycle,  and  the  fluid  can  undergo  chemical  reactions.  Current 
computer  and  algorithm  technology  is  probably  not  yet  at  the  stage  where  a  detailed  calculation  of  the  complete 
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evacuator  cycle  is  realistic.  However,  significant  advances  in  knowledge  can  be  obtained  by  investigating  portions 
of  the  flow  field  and  bore  evacuator  cycle. 

The  most  important  region  for  determining  the  bore  evacuator  performance  is  the  flow  in  and  around  the 
ejectors.  Small  changes  in  the  ejector  geometry  can  cause  very  large  increases  in  the  induced  velocity,  as 
demonstrated  experimentally  in  Ref.  8.  Any  attempt  to  analyze  the  bore  evacuator  process,  therefore,  should 
concentrate  on  this  area  as  modifications  here  have  the  greatest  potential  payoff.  With  ^s  in  mind,  the  present 
study  has  developed  a  solution  and  grid  generating  procedure  for  the  single  ejector  experiments  of  Ref.  8.  Results 
could  be  extended  in  the  future  to  multiple  ejector  geometries,  or  configurations  with  an  induced  flow. 

The  NPARC  code  was  chosen  for  this  analysis.  NPARC  is  a  robust,  flexible  CFD  program  for  solving  the 
Navier-Stokes  equations  in  two  or  three  dimensions.  Its  capabilities  and  the  theory  involv^  in  its  development  are 
discussed  in  detail  in  Refs.  13  and  18.  It  has  been  used  extensively  to  compute  solutions  to  many  fluid  flow 
problems,  including  subsonic,  supersonic,  and  hypersonic  flows.  Reference  13  contains  a  large  bibliography,  which 
includes  verification  and  validation  cases  where  NPARC  was  applied  to  supersonic  jets. 

Proper  selection  of  the  equation  set,  solver  parameters,  and  boundary  conditions  is  essential  for  obtaining  a 
useful  solution.  The  single  ejector  jet  was  observed  to  be  a  viscous,  supersonic  flow  [8]  which  would  be  best 
represented  by  the  Navier-Stokes  equations.  The  CPU  time  required  to  obtain  a  solution  using  NPARC  is  pre^nted 
in  Table  1.  The  execution  speeds  in  the  table  represent  three-dimensional  calculations,  and  either  were  directly 
measured,  or  were  extrapolated  from  the  observed  speed  of  NPARC  solving  two  dimensional  viscous  and  three 
dimensional  inviscid  problems,  as  indicated  on  the  table.  Calculations  were  performed  on  IBM  RS/6000,  SGI 
PowerChallenge,  and  Cray  YMP  computers.  The  total  CPU  times  were  obtained  by  assuming  a  maximum  of  one 
million  grid  points,  and  took  into  account  the  computations  on  differently  refined  grids  necessary  in  any  CFD  study 
to  properly  characterize  the  numerical  error.  Based  on  Table  1,  a  Cray  supercomputer  is  necessary  to  c^culate  the 
viscous  supersonic  jet.  Because  such  a  computer  was  not  available,  this  report  discusses  a  three-dimensional 
solution  of  the  Euler  equations,  using  RS/6000  and  SGI  PowerChallenge  workstations.  Although  the  solution 
cannot  completely  represent  the  actual  flow,  the  structures  in  the  solution  are  instructive  for  understanding  die 
mechanism  by  which  the  surrounding  fluid  is  induced  by  the  jet.  In  addition,  the  computation  provides  information 
on  code  parameters  which  will  be  helpful  for  the  eventual  computations  using  the  Navier-Stokes  equations  on  a 
Cray  supercomputer. 


NUMERICAL  METHOD 

Version  2.2  of  the  NPARC  [13]  CFD  code  was  applied  to  the  problem  of  a  supersonic  jet  exiting  from  a 
constant  diameter  ejector  inclined  30"  to  a  flat  plate.  The  problem  domain  is  sketched  in  Fig.  3,  and  was  chosen  to 
simulate  conditions  generated  in  experiments  reported  in  Ref.  8.  The  outer  boundaries  for  the  computations  are 
indicated  in  the  drawing,  and  were  chosen  to  be  far  away  from  the  jet  flow,  extending  oyer  20  ejector  diameters 
downstream  of  the  ejector  exit.  The  high  pressure  reservoir  system  which  supplied  air  to  the  ejector  in  ^e 
experimental  work  was  modeled,  although  an  approximate  upstream  boundary  condition  could  have  been  applied 
to  reduce  grid  generation  complexity  and  solution  time  [19]. 


NPARC  Version  2.2 

The  NPARC  code  can  be  used  to  calculate  approximate  solutions  to  either  the  Euler  or  the  Navier-Stokes 
equations  for  two-dimensional,  axisymmetric,  and  &ree-dimensional  problems.  The  code  determines  the  flow 


Table  1.  CPU  Time  Estimates 


Equation  Set: 

Euler 

Navier-Stokes 

Architecture: 
CPU/pt/time  step: 

Total  CPU  time: 

RS/6000 

SGI  Power  Ch. 

Cray  YMP 

RS/6000 

SGI  PowerCh. 

Cray  YMP 

90.12 

250.3  CPUhrs 

10.4  CPU  days 

90.14  |is 

250.4  CPUhrs 

10.4  CPU  days 

4.1  fis^ 

11.4  CPUhrs 

0.47  CPU  days 

297  ^s^^ 

825  CPUhrs 

34.4  CPU  days 

297  fis*^ 

825  CPUhrs 

34.4  CPU  days 

13.9  ns^ 

39  CPUhrs 

1.6  CPU  days 

^Estimate  based  upon  measured  2D  performance. 

^Estimate  based  upon  measured  3D  Euler  and  2D  Navier-Stokes  performance. 
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Fig.  3  Single  ejector  problem  domain  viewed  from  two  different  angles. 


properties  at  mesh  points  distributed  in  the  solution  domain.  The  mesh  is  composed  hexahedral  cells  along  general, 
curvilinear  coordinate  directions.  The  solution  domain  may  be  decomposed  into  several  blocks,  allowing  gndding 
and  solution  of  flow  problems  around  very  complex  configurations. 

NPARC  employs  a  Taylor  series  linearization  of  the  governing  equations,  and  an  approximate 
factorization  to  decouple  the  spatial  directions.  Central  difference  operators  are  applied  for  the  spatial  denvatives, 
and  the  resulting  equations  are  formally  second  order  accurate  in  space  and  first  order  in  time.  The  Navier-Stokes 
equations  are  given  by: 


3/  dxj  Re  dxj 


Intersection  of  Flat  Plate 


Reservoir  Grid 


Fig.  4  Block  I  grid  assembled  from  three  parts 
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Symmetry  Plane 


Interpolation 
From  Block  II 


Top  View 


Constant  Pressure 
Reservoir  Inflow 


Interpolation 
From  Block  n 


Extrapolation 
B.C. 


No  Slip 


Interpolation 
From  Block  n 


Side  View 


Fig.  5  Block  I  grid,  containing  reservoir,  ejector,  and  jet  regions,  with  boundary  conditions. 


where  Q={p,  pu,  E}t,  F:={pu^,  pUjU^+pb^,  Uj(E+P)}^  and  Gj={0,  tl8],  with  the  obvious  simplification 

for  inviscid  flows.  ITie  ideal  gas  assumption  is  employed,  and  various  turbulence  models  are  available  to  close  the 
equation  set.  The  application  of  central  differences  to  the  above  results  in  a  block  pentadiagonal  set  of  equations. 
The  NPARC  algoritlm  diagonalizes  the  equations,  resulting  in  a  set  of  pentadiagonal  scalar  equations  which  are 
much  less  expensive  to  solve  than  the  block  pentadiagonal  set  produced  by  the  unmodified  equations.  The  viscous 
fluxes  are  time-lagged  in  order  to  allow  the  equations  to  be  uncoupled;  this  has  negative  implications  for  time 
accuracy  and  for  stability  [18]. 


Inclined  Ejector  Grid  and  Boundary  Conditions 

The  single  ejector  flow  was  three-dimensional,  with  a  symmetry  plane  running  down  the  center  of  the 
ejector,  as  illustrated  in  Fig.  3.  The  computational  grid  was  constructed  from  two  blocks  to  simplify  the  task  of 
fitting  the  inclined,  cylindncal  ejector  with  the  exterior  region  surrounding  the  jet  and  the  flat  plate,  and  took 
advantage  of  the  geometric  symmetry.  The  Block  I  grid  was  assembled  from  three  parts  to  facilitate  grid  point 
clustering,  as  depicted  in  Fig.  4.  The  assembled  grid  is  shown  in  Fig.  5.  The  actual  mesh  was  much  finer  than 
presented  in  these  figures;  points  were  removed  from  the  drawing  for  clarity. 
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Ambient  Boundary  Ambient  Boundary 

Constant  Static  Pressure  Constant  Static  Pressure 


Side  View 


Isometric  View 


Fig.  6  Block  n  grid,  containing  region  outside  ejector  and  flat  plate,  with  boundary  conditions. 


The  Block  n  grid  was  constructed  to  mate  with  the  outer  boundary  of  the  jet  grid  section  of  Block  I,  and 
encompassed  the  flat  plate  and  the  surrounding,  ambient  fluid.  Figure  6  contains  a  three-view  drawing  of  this  grid, 
and  the  assembled,  multi-block  grid  is  shown  in  Fig.  7.  Mesh  points  were  also  removed  from  these  plots,  for  clarity. 


Experiments  reported  in  Ref.  8  showed  that  the  inclined,  supersonic  jet  contained  several  shock  cells 
which  were  formed  as  the  flow  overexpanded  after  exiting  the  ejector.  These  shock  cells  were  captur^  by  the 
calculations,  but  were  not  well  resolved  on  the  initial  grid,  which  had  64  points  in  the  axial  direction  inside  the 
supersonic  jet  region.  The  Block  I  grid  was  subsequently  refined  by  doubling  and  then  quadrupling  the  number  of 
axial  points  inside  the  jet  portion  of  the  grid.  The  final  Block  I  grid  had  dimensions  of  300  x  20  x  20;  the  Block  II 
grid  was  60  x  58  x  69. 
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Ambient  Boundary 


Block  I 


Symmetry  Plane 


Fig.  7  Assembled  Block  I  and  Block  n  grids.  Plot  is  coarser  than  actual. 


The  bound^  conditions  were  chosen  to  reproduce  the  experiments  of  Ref.  8,  and  are  marked  on  Figs.  5 
and  6.  The  calculations  were  conducted  with  a  pressure  ratio  of  6.5,  reproducing  the  experiments  with  a  96  psia 
reservoir.  The  reservoir  boundary  was  maintained  at  a  constant  total  pressure  throughout  the  simulation,  while  the 
static  pressure  was  fixed  at  ambient  on  the  external  boundaries.  The  flat  plate,  ejector  and  reservoir  surfaces,  and 
the  symmetry  plane  were  slip  surfaces,  with  the  velocity  normal  to  the  surface  set  to  zero. 

The  Euler  equations  were  calculated  on  the  multi -block  grid  using  RS/6000  computers  at  Rensselaer  and  a 
SGI  PowerChallenge  at  Benet  Laboratories.  The  measured  execution  times  of  the  NPARC  code  obtained  during 
this  study  are  presented  in  Table  1.  The  results  of  the  calculations  were  transferred  to  SGI  workstations  at  Benet 
and  RPI  for  flow  visualization  using  FAST  [20]. 


CALCULATED  RESULTS 

The  supersonic  ejector  flow  was  calculated  on  three  grids  which  had  differing  number  of  points  in  the 
supersonic  jet  region.  Figure  8  presents  contours  of  the  shock  function  (based  on  the  pressure  gradient)  for  the  three 
grids,  with  64,  128,  and  256  axial  points  in  the  jet  grid  portion.  The  shock  cells  in  the  supersonic  jet  were  not  well 
resolved  on  the  coarsest  mesh,  and  the  supersonic  region  of  the  flow  extended  more  than  twenty  ejector  diameters 
downstream  from  the  exit.  This  does  not  agree  with  the  large  experimental  database,  where,  for  the  6.5  pressure 
ratio,  the  supersonic  region  would  not  be  expected  to  extend  more  than  approximately  ten  diameters  (e.g.,  Ref.  21). 

The  shock  cells  were  much  better  resolved  on  the  finer  grids,  with  a  corresponding  reduction  in  the 
supersonic  core  length.  The  attenuation  of  the  shock  cells  in  a  supersonic  jet  by  a  coarse  computational  mesh  is  a 
well  known  phenomena,  and  it  is  important  for  simulations  of  bore  evacuator  flows,  which  have  been  conducted 
with  grids  much  more  coarse  than  even  the  coarsest  employed  in  the  current  study  [1 1,14]. 

The  structure  of  the  supersonic  jet  exiting  the  ejector  has  been  experimentally  demonstrated  to  have  a 
large  effect  on  bore  evacuator  performance  [8].  Figure  2  presents  the  measured  performance  of  a  generic  bore 
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64  Axial  Points 


evacuator  with  three  different  ejector  designs.  The  constant  diameter  ejectors,  similar  to  the  ejector  in  the  present 
study,  were  inclined  30“  to  the  axis  of  the  gun  tube.  The  diverging  nozzle  ejectors  had  an  expansion  angle  of  14“ 
and  area  ratio  of  1.48,  had  the  same  choked  area  as  the  constant  diameter  ejectors,  and  produced  the  same  hole 
discharge  coefficient.  The  performance  of  the  nozzle  ejectors  was  as  much  as  35%  greater  than  the  constant 
diameter  ejectors  at  the  higher  pressure  ratios,  because  the  ejector  flow  was  fully  expanded  supersonically  before 
the  ejector  exit,  eliminating  the  upstream  deflection  of  the  jet  and  reducing  losses  associated  with  shock  waves  in 
the  jet  [8].  These  observations  indicate  that  although  the  resolution  of  the  su^rsonic  expansion  and  the  shock  cell 
structure  is  computationally  expensive,  it  is  important  for  bore  evacuator  simulation  since  small  changes  in  the 
ejector  geometry  have  been  observed  to  have  a  large  impact  on  the  measured  bore  evacuator  performance. 

The  constant  diameter  ejector  modeled  in  the  current  CFD  study  caused  the  jet  to  deflect  in  the  upstream 
direction,  as  noted  in  Refs.  8  and  10.  This  upstream  deflection  was  partially  responsible  for  the  lower  than  ideal 
measured  evacuator  performance,  when  compared  to  simple  one-dimensional  calculations  [2,3].  The 
three-dimensional,  Euler  flow  CFD  analysis  predicts  this  upstream  deflection.  Figure  9  presents  contours  of  Ae  jet 
axial  momentum.  A  line  is  plotted  on  this  plot  extending  out  from  the  ejector  exit  into  die  fluid  flow  region  in  and 
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Fig.  9  Jet  axial  momentum  contours  on  the  symmetry  plane,  illustrating  upstream  deflection  of  the  jet. 

around  the  jet.  This  line  is  at  a  30“  angle  to  the  flat  plate,  and  represents  the  direction  the  jet  would  take  if  it 
followed  the  geometric  ejector  angle  following  the  exit.  The  jet  is  clearly  deflected  upstream  by  the  interaction  of 
the  expansion  fan  near  the  exit  with  the  extended  lip  of  the  inclined  ejector  hole.  TTie  jet  edge  ^gles  measured 
from  this  plot  compares  well  with  experimental  data  extracted  from  schlieren  photographs  [8],  cf.  Fig.  10. 

Figure  1 1  compares  the  measured  and  computed  static  pressure  distributions  inside  ^e  ejector,  near  the 
exit.  The  pressures  are  plotted  along  the  line  on  the  downstream  side  of  the  ejector,  with  the  axis  origin  as  depicted 
in  the  insert  to  Fig.  11.  The  calculated  results  agree  fairly  well  with  the  measurements,  especially  considering  that 
the  numerical  predictions  resulted  from  calculations  of  inviscid  flow.  A  3D,  laminar  flow  solution  using  the  finite 
element  code  of  Ref.  1 1  is  also  provided  for  comparison.  The  added  complexity  of  the  full  Navier-Stokes  solution 
did  not  significantly  improve  the  predicted  ejector  pressure.  However,  toe  viscous  solution  was  earned  out  on  a 
very  coarse  mesh,  and  additional  mesh  refinement  may  yield  improved  prediction  of  the  pressure  distribution. 

The  computed  Mach  number  distribution  along  the  jet  centerline  is  compared  with  measurements  [21]  in 
Fig.  12.  The  measurements  were  carried  out  for  a  Mach  1.4  jet  exiting  an  axisymmetric,  converging  nozzle.  The 
experimental  Mach  numbers  were  determined  from  pitot  pressure  and  thermocouple  temperature  measurements. 
The  Euler  CFD  calculations  compare  surprisingly  well  with  the  measurements,  considering  that  the  experiments 
were  conducted  on  an  axisymmetric  jet  at  a  somewhat  lower  pressure  ratio.  The  viscous  dissipation  far  downstream 
of  the  exit  was  not  present  in  the  CFD  results.  These  results,  together  with  the  favorable  pressure  comparison  and 
excellent  agreement  of  jet  angles,  indicates  that  the  inviscid  Cft)  solution  captures  the  primary  characteristics  of 
the  supersonic  ejector  flow. 


CONCLUSION  AND  FUTURE  WORK 

Gun  bore  evacuators  are  ejector  pumps  which  remove  residual  propellent  gases  from  the  barrel  after  firing. 
The  effectiveness  of  the  bore  evacuator  depends  upon  several  factors,  including  the  details  of  mixing  processes 
between  the  supersonic  jets  and  the  augmented  flow.  It  is  desirable  to  improve  the  ejector  pump  efficiency  to 
ensure  that  these  toxic  gases  do  not  flow'  back  into  the  crew  cabin  when  the  breech  is  opened. 

Experimental  observations  confirmed  that  with  a  small  flow  exit  divergence,  a  significantly  different  jet 
structure  was  obtained  which  resulted  in  more  efficient  mixing.  These  experiments  indicated  that  the  most 
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Fig.  10  Comparison  of  measured  and  calculated  jet  deflection  angles. 


X/D 

Fig.  1 1  Comparison  of  computed  and  measured  static  pressure  along  the  downstream  side  of  the  ejector. 


25-13 


ANDRADE  ANDMESSITT 


Fig.  12  Comparison  of  measured  and  computed  jet  centerline  Mach  number.  Measurements  from  Ref,  21. 


important  region  for  determining  the  bore  evacuator  performance  is  the  flow  in  and  around  the  ejectors.  Small 
changes  in  the  ejector  geometry  can  cause  very  large  increases  in  the  induced  velocity,  as  demonstrated 
experimentally  in  Ref,  8.  Therefore,  a  numerical  investigation  of  the  ejector  flow  was  undertaken  to  increase 
understanding  of  the  inclined,  supersonic  jet,  and  to  demonstrate  the  capability  of  current  computer  algorithms  and 
hardware  to  assist  in  bore  evacuator  performance  determination. 

The  NPARC  code  was  employed  to  calculate  the  solution  for  a  pressure  ratio  6.5  jet  inclined  30“  to  a  flat 
plate.  The  viscous  flux  vector  was  dropped  from  the  equation  set  due  to  computer  hardware  limitations;  a  parallel 
or  vector  supercomputer  is  required  to  calculate  realistic,  three-dimensional  viscous  problems.  The  resulting 
solution  demonstrated  qualitative  and  quantitative  agreement  with  experimental  data.  A  fine  mesh  was  required  to 
adequately  resolve  the  structure  of  the  supersonic  jet.  Resolution  of  the  jet  structure  is  important  for  determining 
bore  evacuator  performance,  since  experimental  observations  have  shown  that  small  changes  in  the  ejector 
geometry  have  produced  large  changes  in  evacuator  performance. 

This  work  may  be  extended  to  viscous  flow,  provided  a  powerful,  vector  supercomputer  is  available.  The 
grid  generation  process  was  very  time  consuming,  and  the  results  may  be  immediately  moved  to  a  Navier-Stokes 
solution.  In  addition,  the  Euler  results  may  be  used  to  start  the  Navier-Stokes  solution,  further  reducing  the  time 
required.  Other  interesting  extensions  involve  examining  an  induced  flow,  multiple  ejector  configurations,  or 
altered  ejector  geometry  (i.e.,  diverging  nozzles). 
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ABSTRACT 

The  dynamic  behavior  of  mortar  baseplates  due  to  shock  loading,  especially  in  large  caliber 
mortars,  has  traditionally  led  to  a  number  of  conjectures  amongst  the  community  of  ordnance 
engineers  in  regards  to  baseplate  structural  fmlure  modes  such  as  cracking,  gross  plastic  distortion, 
etc.  Strain  field  measurements  indicate  that  stress  are  high  with  considerable  vibration  activity  of 
offensive  nature,  these  events  have  led  to  analytical  investigations  of  mortar  baseplates  using  Finite 
Element  Analysis  (FEA),  most  of  these  analyses  have  predicted  large  deformation  gradients  which 
have  motivated  concerns  on  vibration  levels. 

The  manufacture  of  some  baseplates,  notably  the  120  mm  mortar  base  plate,  is  quite  laborious 
this  type  of  baseplate  consists  of  a  monocoque  weldment  which  has  more  than  64  parts  joined  by  no 
less  than  100  ft.  of  weld-joints.  It  follows  then  that  it  would  be  highly  advantageous  to  have  a  simple 
dynamic  acceptance  criteria  for  these  baseplates  in  teims  of  simple  bench  instrumented  “ringing  check 
out  tests.” 

The  purpose  of  this  investigation  was  to  determine  and  describe  the  dynamic  behavior  of 
120  mm  mortar  baseplate  through  the  use  of  experimental  modal  analysis.  The  information  presented 
in  this  paper  may  be  used  to  validate  advanced  FEA  theoretical  models  relative  to  the  dynamic 
behavior  of  these  type  of  structures  and  also  may  be  utilized  as  a  baseline  for  developing  the 
aforementioned  manufacturing  “ringing”  acceptance  criteria  for  assessing  mortar  baseplate  quality, 
notably  the  presence  of  undesirable  defects  such  as  gaps,  poor  weldments,  etc. 

The  investigation  includes  the  results  of  more  than  200  individual  measurements  from  the 
structure.  The  results  are  presented  in  computer  animation  format  as  well  as  the  traditional  graphical 
and  tabular  formats. 

Finally,  the  experimental  results  are  compared  to  theoretical  predictions  of  simplified  finite 
element  analysis. 
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INTRODUCTION 

The  following  investigation  deals  with  the  experimental  Modal  Analysis  of  a  monocoque 
isotropic  shell  type  structure.  The  experimental  technique  is  well  established  a  basic  description  is 
given  by  Ewins  [1].  The  technique  and  methodology  are  advanced  by  investigating  the  dynamical 
behavior  of  a  rather  complex  geometry  provided  by  the  120  mm  mortar  baseplate  shown  in  Figure  1 . 
The  resulting  principal  modes  of  vibration  are  provided  in  animated  computer  simulated  form. 


The  M9  Mortar  is  a  particularly  powerful  defensive  weapon  which  is  subject  to  extreme 
vibration  and  impact  shock  loading  during  field  operation.  The  nature  of  this  excitation  in 
combination  with  an  insuflBcient  damping  contribution  fi'om  some  soil  conditions  in  which  the  mortar 
is  embedded  can  lead  to  large  deflections  and  stresses,  and  a  significant  reduction  in  service  life  of 
the  component. 


The  manufacture  of  some  baseplates,  notably  the  120  mm  mortar  baseplate,  is  quite  laborious. 
This  type  of  baseplate  consists  of  a  monocoque  weldment  which  had  more  than  64  parts  joined  by 
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less  than  100  ft.  of  weld-joints.  It  follows  then  that  it  would  be  highly  advantageous  to  have  a  simple 
dynamic  acceptance  criteria  for  these  baseplates  in  terms  of  simple  bench  instrumented  “ringing  check 
out  tests.” 

The  purpose  of  this  investigation  was  to  determine  and  describe  the  dynamic  behavior  of 
120  mm  mortar  baseplate  through  the  use  of  experimental  modal  analysis.  The  information  presented 
in  this  paper  may  be  used  to  validate  advanced  FEA  theoretical  models  relative  to  the  dynamic 
behavior  of  these  type  of  structures  and  also  may  be  utilized  as  a  baseline  for  developing  the 
aforementioned  manufacturing  “ringing”  acceptance  criteria  for  assessing  mortar  baseplate  quality, 
notably  the  presence  of  undesirable  defects  such  as  gaps,  poor  weldments,  etc. 

BRIEF  HISTORICAL  PERSPECTIVE  OF  EXPERIMENTAL  MODAL  ANALYSIS 

Experimental  Modal  Analysis  has  been  widely  used  in  various  forms  for  the  past  sixty  years. 
In  the  1930's  resonance  testing  was  performed  with  eccentric  mass  shakers  and  modal  deflection 
patterns  were  visualized  by  observing  sand  patterns.  In  the  1940's  Kennedy  and  Pancu  [2]  presented 
resonance  testing  based  on  complex  Admittance.  It  is  from  this  work  that  Structural  Impedance 
testing  was  performed  by  many  engineers  through  the  mid  1960's.  In  the  1950's  Lewis  and  Wrisly 
[3]  along  with  others  developed  multishaker  test  methods  for  isolating  single  modes  and  determining 
the  concept  of  modal  damping.  In  the  early  1960's  Stable  [4]  introduced  the  first  frequency  domain 
Experimental  Modal  Analysis  utilizing  a  Co-Quad  Meter  and  tracking  filters. 

In  the  early  1970's  experimenters  such  as  Klosterman  [5]  furthered  Frequency  Domain 
Analysis  through  the  use  of  broadband  excitation  and  Parameter  Estimation  techniques  used  to  match 
Experimental  Modal  Analysis  measurements  to  analytical  models.  In  the  mid  1970's  Richardson  and 
Potter  [6]  carried  out  Frequency  Domain  Analysis  using  dual  channel  Fast  Fourier  Transform  (FFT) 
with  both  random  and  transient  excitation.  They  also  began  estimating  modal  parameters  using  least 
square  curve  fitting  techniques  to  the  Frequency  Response  Function.  In  the  1 980's,  and  the  early  part 
of  this  decade,  advances  in  testing  and  data  analysis  include  multi-point  force  inputs,  poly  reference, 
direct  parameter  estimation,  Ibrahim  Time  domain,  and  modal  assurance  criteria  to  mention  a  few. 
Presently,  Experimental  Modal  Analysis  is  being  used  to  aid  in  developing  new  and  better  designs. 
There  are  systems  which  allow  automated  comparison  between  Experimental  Modal  Analysis  and 
Finite  Element  Analysis.  One  of  the  most  popular  implementations  in  recent  times,  which  was  due 
to  computer  advances  in  both  software  and  hardware,  is  computer  animation.  Anything  that  can  be 
drawn  can  be  animated. 

ANALYTIC  BACKGROUND 

Since  the  behavior  of  complex  multidegree  of  freedom  (MDOF)  Systems  may  be  modeled  as 
the  linear  superposition  of  a  number  of  single  degree  systems  [1].  The  SDOF  systems  are  combined 
using  matrix  algebra  which  are  evaluated  using  standard  linear  algebra  techniques  to  determine  the 
natural  frequencies  (eigenvalues),  mode  shapes  (eigenvectors),  and  the  Frequency  Response  Function 
(FRF). 


For  a  system  with  n  degrees  of  freedom  the  generalized  equation  of  motion  is; 
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[m]{x}  +  [c]{x}  +  [k]{x}  =  {p(t)}  [1] 

where  the  brackets  represent  an  n  x  n  matrix  and  the  curly  braces  represent  n  component 
column  vectors.  There  is  one  natural  frequency  associated  with  each  degree  of  freedom  for  a  total 
of  n.  As  before,  the  associated  equation  for  the  free  undamped  oscillation  of  this  system  is  used  to 
determine  the  n  resonances.  By  substitution  {x}  =  (u}  6^“*  this  equation  becomes: 


[k  -  o)^m]{u}  =  {0} 

[2] 

for  a  non-trivial  solution  this  reduces  to: 

1  [k]  -  X[m]  1  =  0 

[3] 

where  X  =  to^.  Expanding  the  determinant  results  in  the  eigenvalues  X ,  which  are  substituted 
back  into  equation  [2]  to  find  the  eigenvectors,  {u(r)}  where  r  =  1, 1, n.  These  eigenvectors  are 
components  of  the  modal  matrix  [u]  which  fully  describes  the  mode  shape  displacements.  To  get  the 
orthonormal  set  of  eigenvectors  we  matrix  multiply  through  the  mass  matrix  as  follows; 

{u(r)}-^[m]{u(r)}  =  1  [4] 

In  the  orthonormal  form,  the  modal  mass  reduces  to  unity  and  the  values  for  the  modal 
stiffness  K,  are  equal  to  X,..  The  modal  damping  is  found  by  matrix  multiplying  the  eigenvectors 
through  the  damping  coefficient  matrix  as  follows: 

{u(i-))T[c]{u(r))  =  C,  [5] 


The  equations  of  motion  are  then  uncoupled  by  substituting  {x}  =  [u](s}  into  [1]  and  taking 
advantage  of  the  principle  of  orthogonality  to  achieve  the  following  result; 

[M]{s)  -H  [C]{s}  +  [K]{s}  =  [u]^(p}  [6] 


Assuming  that  s(t)  =  S(o))e*^  and  p(t)  =  P(co)e’“‘ ,  substituting  into  [6]  and  rearranging  terms 
the  equation  becomes; 


;  =  {u(r)}{P} 

^  Mr(tOr^  -  +  jCrOOrCO) 


[7] 


Cr  = 


Cr 

(KrMrV^ 


[8] 


It  follows  that  {X)  =  Si(u(l)}  +  82(0(2)}  +  ...  +  S,(u(r)}  which  leads  to  the  FRF; 
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HrK  =  X/P, 


[9] 


Equation  [9]  is  a  complex  function  of  frequency,  o).  It  is  also  noteworthy  to  mention  that  for 
a  linear  mechanic^  system  this  response  matrix  exhibits  a  symmetry  across  the  main  diagonal 
according  to  Maxwell’s  reciprocity  theorem.  For  such  a  system,  the  following  can  be  assumed; 

=  r  =  k  [10] 


EXPERIMENTAL  SETUP  AND  PROCEDURE 
Test  Description 

The  M9  Mortar  Baseplate,  weighs  about  200  pounds  and  consists  of  a  triangular  shaped 
inch  thick  steel  plate  approximately  33  inches  aaoss.  A  cast  conical  section  with  maximum  diameter 
of  19  inches  has  been  welded  into  a  circular  hole  at  the  center  of  the  plate.  At  this  location,  the 
mortar  barrel  interfaces  with  the  baseplate  through  the  use  of  a  ball  socket  joint  which  provides  the 
mortar  with  its  pitch  variation.  The  entire  assembly  rests  upon  a  trunk  made  up  of  over  30  individual 
steel  plates  welded  together  to  provide  structural  support  and  stability.  The  mortar  is  initially 
installed  in  the  field  by  firing  the  cannon  from  the  desired  point  of  installation.  Three  legs  protruding 
from  the  base  serve  as  earth  movers  during  this  process,  and  firmly  entrench  the  component  in  a  bed 
of  soil. 


The  objective  of  the  experimental  portion  of  the  analysis  is  to  measure  and  record  the  system 
response  to  an  impulse  excitation  in  the  form  of  a  complex  function  of  frequency.  Application  of  the 
impulse  and  corresponding  measurements  were  taken  at  discrete  locations  on  the  test  component 
surface  called  nodes.  Due  to  the  complexity  of  the  test  piece  and  the  relatively  large  number  of  nodes 
required  to  sufficiently  describe  its  geometry,  it  is  practically  impossible  to  make  measurements  at 
every  combination  of  input  and  output  nodes  required  to  fully  populate  the  complex  frequency 
response  matrix.  Therefore  the  principles  of  geometric  similarity  and  reciprocity  were  utilized  to 
reduce  the  minimum  number  of  experimental  data  points  necessary  to  fully  describe  the  system 
response. 

Test  Setup 

One  of  the  goals  of  the  present  investigation  was  to  develop  ringing  quality  control 
qualification  procedures.  The  test  setup  therefore  consists  of  the  component  free  standing  on  the 
laboratory  floor  in  an  upright  position  as  demonstrated  in  Figure  2.  The  primary  operating 
environment  of  the  unit  is  with  the  trunk  firmly  embedded  in  soil,  which  can  be  argued  to  provide  a 
degree  of  damping  to  the  response  of  the  structure. 
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Figure  2.  Test  Piece  Orientation 

An  impact  hammer  and  accelerometer  in  concert  Avith  a  spectrum  analyzer  will  be  used  to 
stimulate  and  record  the  response  of  the  test  piece.  The  accelerometer  was  applied  to  the  surface  of 
the  test  component  through  the  use  of  a  thin  layer  of  wax.  The  steel  hammer  tip  was  selected  because 
of  the  impact  resistance  of  the  test  component  and  the  performance  of  the  tip  across  a  wide  frequency 
range.  Additionally,  the  accelerometer  required  signal  amplification  via  a  conditioning  amplifier.  The 
data  was  recorded  on  a  micro  computer  from  which  the  test  was  directed.  Figure  3  illustrates  the 
configuration  of  the  test  equipment. 


Dual  ChanntI  Signal  Analyaar 
Type  2032 


Under  Tas<  Type  8202 


Figure  3.  Test  Equipment  Configuration 
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Initially,  a  preliminary  study  was  performed  to  determine  the  complexity  of  the  mesh  used  to 
discretize  the  component  geometry,  and  to  locate  the  most  reliable  reference  node  locations.  Once 
the  preliminary  study  was  completed,  a  system  calibration  check  was  performed  to  ensure  that  all  of 
the  test  components  were  operating  properly  and  accurately.  This  check  was  accomplished  by 
mounting  an  accelerometer  on  a  known  mass  so  that  it  was  capable  of  measuring  the  acceleration  of 
the  mass  in  a  linear  degree  of  freedom.  The  FRF  of  accelerance  (the  units  of  which  are  1/mass) 
developed  by  striking  the  mass  with  the  impulse  hammer  should  resulted  in  a  constant  across  the 
frequency  range,  the  value  of  which  provided  an  estimate  of  the  mass  of  the  calibration  block.  This 
estimate  was  then  checked  against  the  known  mass  of  that  block.  A  calibration  test  of  this  type  was 
repeated  before  and  after  each  data  recording  session  of  the  experiment. 

Instrumentation 

The  following  list  of  equipment  was  required  to  complete  the  experimental  portion  of  the 
analysis. 

a.  M9  Mortar  Baseplate  P/N  12576881 

b.  Accelerometer  Type  4384 

c.  Impact  Hammer  Type  8202 

d.  Conditioning  Amplifier  Type  2626 

e.  Dual  Channel  Spectrum  Analyzer  Type  2032 

f  Graphics  Plotter  Type  2319 

g.  Micro  Computer 

h.  IEEE  488.2  GPB-PCIl  Interface  Bus 

I.  PC  Modal  Software  Series,  Software 

j.  Calibration  Mass  (1.801  lbs) 

k.  Wax  Pencil 

l.  Cleaning  Agent 

m.  Rags 

Preliminary  Considerations 

With  the  measurement  equipment  and  test  component  configured  as  described  in  the  previous 
section,  the  study  was  carried  out  by  tapping  the  test  piece  with  the  impulse  hammer  at  several 
structurally  different  locations  and  observing  the  response  at  a  single  measurement  point.  The 
process  was  then  repeated  at  a  few  different  measurement  points  until  rough  locations  of  response 
nodes  and  anti-nodes  could  be  mapped  out.  With  this  information,  the  discretized  mesh  of  Figure  4 
was  selected. 
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Figure  4.  Discretized  Mesh 

The  mesh  consists  of  60  geometric  nodes  and  108  connectivities  plotted  on  a  cylindrical 
coordinate  system  with  the  origin  at  the  center  of  the  test  piece,  in  plane  with  the  surface  of  the 
triangular  top  plate.  Twelve  radial  lines  containing  five  nodes  each  extend  to  the  outside  edges  at  30 
degree  interv^s.  The  trunk  was  excluded  from  the  mesh,  limiting  the  study  to  only  those  surfaces 
of  the  mortar  exposed  during  operation.  This  decision  was  based  on  the  low  transmissibility  of  the 
trunk  measured  in  the  preliminary  study,  and  field  observation  citing  the  exposed  surfaces  as  the  most 
critical  regions.  Also,  as  a  result  of  the  very  small  response  recorded  at  the  ball  socket  during  the 
preliminary  study,  the  geometry  is  simplified  in  this  area  to  a  ring  of  nodes  along  the  outside  face  of 
the  socket.  Simplifications  like  these  help  to  reduce  the  number  of  measurements  and  data  reduction 
time  without  losing  useful  response  information. 

In  order  to  fully  populate  the  matrix  FRF  of  equation  [9]  from  section  2  with  the  60  node 
mesh  from  Figure  4,  the  response  at  every  node  would  have  to  be  measured  for  the  excitation  at  every 
node.  This  would  amount  to  3600  individual  measurements  which  is  neither  practical  nor  necessary. 
Assuming  linear  behavior  of  the  structure,  allows  to  reduce  this  number  by  applying  the  principle  of 
reciprocity.  The  accuracy  of  this  assumption  is  checked  in  Figure  5.  The  top  plot  is  the  FRF  found 
by  exciting  the  structure  at  node  58  and  measuring  the  response  at  node  56.  This  plot  corresponds 
very  closely  with  the  lower  FRF  showing  the  result  found  by  exciting  at  node  56  and  recording  the 
response  at  node  58. 


0.00C*O0  1,«0€*03 


Figure  5.  Reciprocity  and  Linearly  FRF's 
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Taking  full  advantage  of  reciprocity  only  reduces  the  number  of  measurements  by  half  to 
around  1800.  However,  for  a  linear  mechanical  system,  all  the  information  required  to  describe  its 
mechanical  beha\dor  can  be  found  in  a  single  row  or  column  of  the  transfer  matrix  [7].  Therefore  the 
total  number  of  required  measurements  is  reduced  to  the  number  of  degrees  of  freedom,  or  60.  This 
number  was  further  trimmed  down  to  35  after  taking  advantage  of  the  symmetry  of  the  test  piece 
itself  assuming  that  the  mechanical  behavior  of  structurally  similar  portions  of  the  component  would 
have  somewhat  similar  response  characteristics.  Over  200  individual  measurements  were  actually 
recorded  in  order  to  provide  preliminary  analysis  data. 


The  mesh  coordinates  were  then  entered  into  the  Display  module  of  the  PC  Modal  software 
and  transcribed  onto  the  surface  of  the  test  piece.  With  the  mesh  in  place,  a  search  for  reference 
response  nodes  was  begun.  This  portion  of  the  preliminary  study  proceeded  in  much  the  same 
manner  as  before  by  tapping  and  measuring  at  labeled  nodes  of  the  mesh.  During  this  search,  careful 
consideration  was  given  to  avoiding  an  unresponsive  node  of  the  structure  which  could  lead  to 
erroneous  findings.  Referring  again  to  Figure  4,  nodes  49,  53  and  57  were  found  to  be  most 
responsive  and  number  49  was  chosen  as  the  primary  test  reference  location.  Combining  the  previous 
linearity  assumptions  wdth  this  reference  response  DOF  results  in  the  list  of  response  excitation  nodes 
pairs  given  in  Table  1. 


Table  1 .  Response-Excitation  Node  Pairs 


« 

Excitation 

Node 

Response 

Node 

1 

1 

49 

2 

2 

49 

3 

3 

49 

4 

4 

49 

5 

5 

49 

6 

6 

49 

7 

7 

49 

e 

13 

49 

9 

14 

49 

10 

15 

49 

11 

16 

49 

12 

17 

49 

13 

18 

49 

14 

19 

49 

15 

25 

49 

16 

26 

49 

17 

27 

49 

18 

28 

49 

19 

29 

49 

20 

30 

49 

21 

31 

49 

22 

37 

49 

23 

38 

49 

24 

39 

49 

25  ! 

40 

49 

26 

41 

49 

27 

42 

49 

28 

43 

49 

29 

49 

49 

30 

50 

49 

31 

51 

49 

32 

52 

49 

33 

53 

49 

34 

54 

49 

35 

55 

49 
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The  frequency  range  of  interest  was  also  determined  during  this  preliminary  study.  The  more 
narrow  this  range,  the  more  accurately  the  location  and  magnitude  of  the  resonance  peaks  can  be 
determined,  while  a  wider  range  includes  more  high  frequency  resonances  which  may  have  some 
significant  influence  on  the  structure.  By  varying  the  frequency  scale  of  the  FRF  plots  from  the 
spectrum  analyzer,  comparing  FRF  magnitudes  at  resonance,  and  looking  for  significant  peaks  at 
higher  frequencies,  a  frequency  range  of  interest  of  1.6  kHz  was  chosen. 

EXPERIMENTAL  RESULTS 

Mode  shapes  for  the  first  nine  resonances  within  the  frequency  range  of  interest  were 
reviewed.  All  of  the  modal  deflection  patters  indicate  that  the  outer  edges  of  the  M9  Mortar 
Baseplate  flange  experience  significant  excitation,  while  the  interior  cone  remains  relatively  rigid. 

Resonances  throughout  the  frequency  range  of  interest  exhibited  a  close  coupled  nature, 
which  make  mode  identification  quite  challenging. 

Mode  Shape  Descriptions 

Table  2  lists  the  resonant  frequencies  of  the  first  nine  modes  and  their  corresponding  modal 
damping  coefBcients. 


Table  2.  Experimental  modal  Frequencies  and  Damping 


Mode 

Modal 

Percent 

* 

Freauencv  (Hz) 

Dampinq 

1 

65.82 

16.32 

2 

111.04 

-1.29 

3 

229.70 

5.35 

4 

259.93 

3.00 

5 

449.88 

1.71 

6 

482.89 

0.54 

7 

627.68 

1.50 

8 

656.03 

1.66 

9 

692.53 

1.55 

Figure  7  through  Figure  24  illustrate  the  deflection  pattern  of  each  of  the  modes  found  during 
the  experimental  analysis.  Figure  6  shows  an  isometric  view  of  the  undeflected  structure  with  node 
49  (0  degrees)  labeled  as  a  reference. 

Figures  7  through  24  are  pairs  of  snapshots  of  the  deflection  pattern  extremum  for  each  of 
the  nine  modes  in  order  of  frequency.  The  first  snapshot  for  each  mode  shows  the  deflection  pattern 
at  the  beginning  of  the  deflection  cycle,  the  second  shows  the  same  pattern  at  the  end  of  a  deflection 
cycle.  In  each  figure  frequency  and  damping  are  given  in  the  upper  right  hand  comer  of  the  figure. 
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In  addition  to  these  still  frames,  PC  MAP  provides  an  animation  feature  which  allows  the 
analyst  an  opportunity  to  view  the  mode  shape  pattern  at  greatly  reduced  speeds,  \Nith  highly 
exaggerated  deflection  magnitudes.  This  feature  allows  for  a  much  clearer  interpretation  of  each 
modal  deflection  pattern. 


Figure  6.  Isomeric  View  of  Undeflected  Baseplate 


Mode  #1 

Frequency  65.8  Hz,  Figures  7  and  8 

There  is  an  asymmetric  curl  of  the  outside  ring  of  nodes  on  the  flange.  The  figures 
the  deflection  of  the  right  half  of  the  plate  is  180  degrees  out  of  phase  with  that  of  the  left. 


cone  remains  relatively  rigid  during  this  mode. 


show  that 
The  inner 


Mode  #2 

Frequency  1 1 1.0  Hz,  Figures  9  and  10 

A  symmetric  cupping  of  the  flange  is  demonstrated  very  clearly  in  this  mode.  In  addition,  the 
cone  begins  to  experience  some  twisting  about  the  x-axis  (axis  definition  is  shown  in  the  lower  right 
hand  comer  of  each  of  the  figures). 
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Mode  #3 


Frequency  229.7  Hz,  Figures  1 1  and  12 

Symmetric  excitation  of  nodes  51, 55  and  59  while 


the  rest  of  the  structure  remains  relatively 


rigid. 


Mode  #4 

Frequency  259.9  Hz,  Figures  13  and  14 

Here  there  is  a  very  clear  twisting  of  the  entire  baseplate  about  a  line  of  action  parallel  to  an 
imaginary  line  passing  through  nodes  58  and  59.  In  addition,  there  is  some  evidence  of  one  of  the 
earlier  flexural  modes  in  the  lower  left  quadrant. 


Mode  #5 

Frequency  449.9  Hz,  Figures  15  and  16 

Asymmetric  cupping  between  neighboring  nodes  along  the  upper  left  portion  of  the  outside 
flange  edge.  The  more  symmetric  behavior  of  the  lower  right  quadrant  suggests  that  some  twisting 
along  a  similar  line  of  action  as  mode  #4  is  present. 
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Mode  M6 

Frequency  482.9  Hz,  Figures  17  and  18 

Similar  to  mode  #5  with  the  twisting  pattern  more  evident  on  the  right  half  of  the  flange  and 
some  asymmetric  flexural  behavior  on  the  left. 


Mode#? 

Frequency  627.7  Hz,  Figures  19  and  20 

In-phase  cupping  of  upper  right  quadrant  as  well  as  nodes  57,  59  and  60.  Similar  to  Mode  #5 
but  twist  is  not  as  evident.  Nodes  30  and  36  on  inner  cone  become  active  in  phase  with  upper  right 
quadrant  deflection  pattern.  Remaining  nodes  inactive. 


Mode  #8 

Frequency  656.0  Hz,  Figures  21  and  22 

Flexural  asymmetry  is  demonstrated  between  neighboring  nodes  on  both  the  flange  and  the 
outer  two  mesh  rings  of  the  cone.  The  deflection  pattern  of  the  cone  is  out  of  phase  with  that  of  the 
flange.  Nodes  1  through  12  continue  to  remain  rigid. 
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Mode  #9 

Frequency  692.5  Hz,  Figures  23  and  24 

Symmetric  cupping  of  the  flange  with  the  exception  of  nodes  51,  55  and  59  which  are 
deflecting  out  of  phase  with  the  flange.  The  inner  cone  is  once  again  inactive. 


FEA  VERIFICATION 

In  order  to  develop  some  confidence  in  the  experimentally  generated  mode  shape  results,  a 
comparison  with  analytical  predictions  fi-om  a  finite  element  model  is  undertaken  here.  FEA  analysis 
paclage  has  been  selected  for  its  simplicity  and  availability.  The  goal  of  this  comparison  is  to  identify 
similar  deflection  patterns  between  as  many  of  the  experimentally  and  theoretically  predicted  modes 
as  possible.  It  is  expected  that  many  of  the  higher  modes  will  not  compare  closely  due  to  the  intricacy 
of  the  construction  of  the  mortar  baseplate,  and  the  limitations  of  the  finite  element  model. 

FEA  Package  INTRO  Description 

The  FEA  analysis  program  employs  a  block  diagram  approach  to  the  analysis  of  mechanical 
systems.  The  INTRO  system  used  in  this  report  is  a  scaled-down  demonstration  version  of  the  large 
scale  program.  The  principal  limitation  of  the  INTRO  system  in  this  application  is  a  maximum 
number  of  nodes  of  only  25.  However,  the  INTRO  program  does  provide  full  three-dimensional 
analysis  of  beams,  plates  and  shells;  double  precision  computation  of  results;  and  automatic  graphics 
generation. 

Model  Description 

The  model  consists  of  25  nodes  and  48  connectives  arranged  into  quadrilateral  plate, 
triangular  plate  and  beam  type  elements.  The  dimensions  of  the  annular  plate  are  proportional  to  the 
test  piece  and  the  model  has  the  material  properties  of  3/8  inch  thick  steel.  To  simulate  the  relative 
rigidity  of  the  central  portion  of  the  test  piece,  stiffeners  were  added  to  the  model  along  the  conical 
section  at  connectives  2,8;  4,10;  and  6,12.  These  elements  have  a  rectangular  cross-sectional  area 
of  and  were  also  of  steel  construction.  The  model  was  fixed  at  nodes  14,  16  and  18  to  represent  the 
test  piece  resting  on  its  three  legs  on  the  laboratory  floor. 
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Results  and  Comparison 

Table  3  details  the  resonant  frequencies  found  by  the  finite  element  model.  There  is  fairly 
good  agreement  between  the  finite  element  model  and  the  test  results  on  several  of  the  first  few 
resonances.  The  first  mode  shape  is  quite  similar  with  the  asymmetric  bending  of  the  flange.  Where 
the  test  results  found  one  cupping  mode  at  111.0  Hz  the  analytical  model  found  two,  at  91.6  and 
155.6  Hz.  The  fourth  mode  corresponds  most  closely  both  in  shape  and  resonant  frequency  to  the 
third  mode  found  during  test,  although  the  analytical  results  showed  more  activity  int  he  central  cone 
section. 

Table  3.  Analytically  Predicted  Modal  Frequencies 


Mode 

# 

Experimental  Modal 
Frequency  (Hz) 

Analytical  Modal 
Frequency  (Hz) 

Percent 

Difference 

1 

65.82 

83.07 

26% 

2 

111.04 

91.61 

-17% 

3 

229.70 

155.50 

-32% 

4 

259 . 93 

236.55 

-9% 

5 

449 . 88 

378.79 

-16% 

6 

482.89 

442.07 

-8% 

7 

627 . 68 

451.83 

-28% 

8 

656.03 

X 

X 

9 

6  $2. '53 

X 

X 

The  analytical  results  didn’t  locate  a  resonance  in  the  range  of  the  fourth  mode  from  test,  but 
the  fifth  test  mode  and  the  sixth  analytical  mode  matched  very  closely  both  in  frequency  and  the 
combination  of  asymmetric  bending  and  twisting  in  the  mode  shape. 

The  higher  resonances  found  by  the  finite  element  approach  did  not  match  as  closely  to  the 
modes  found  in  test,  and  in  fact  began  repeating  at  mode  eight.  This  is  not  surprising  when  the 
complexity  of  the  structure  and  the  simplicity  of  the  model  are  taken  into  account.  In  general 
however,  the  results  from  the  analytical  model  do  support  the  findings  from  test  for  all  but  one  of  the 
first  five  resonances. 

CONCLUSION 

The  M9  Mortar  Baseplate  was  found  to  have  several  closely  coupled,  low  frequency  modes 
combining  both  symmetric  and  asymmetric  bending  with  significant  torsional  deflection.  The 
unsupported  outer  edges  of  the  flange  were  found  to  be  most  responsive  whereas  the  inner  conical 
section  where  the  mortar  is  attached  was  quite  rigid.  The  high  dynamic  responsiveness  of  the  flange 
indicates  that  this  section  would  be  the  most  susceptible  to  crack  formation  and  growth. 
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Despite  the  physical  complexity  of  this  structure,  a  dynamic  model  for  the  baseplate  was 
determined  by  test  and  Aen  verified  with  a  simple  analytical  finite  element  representation.  This  model 
can  now  serve  as  a  blueprint  to  predict  the  dynamic  behavior  of  these  structures.  Acceptance  criteria 
based  on  these  results  can  be  developed  for  this  structure,  which  can  improve  the  accuracy  of  the 
hardware  inspection  while  reducing  the  time  required  to  complete  such  an  inspection. 

A  suggestion  for  future  study  would  be  a  test  similar  to  the  one  described  here,  where  the  test 
configuration  consisted  of  the  baseplate  imbedded  in  soil  as  it  is  during  field  operation.  This  would 
provide  some  measure  of  the  damping  effects  on  the  flange  deflection  during  resonance  and  give 
insight  into  the  level  of  concern  these  resonances  should  provoke. 
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ABSTRACT 

The  dynamic  response  of  a  overwrapped  composite  gun  tube  subjected  to  a 
moving  pressure  front  is  investigated.  The  effect  of  a  stress  wave  in  the  wall  of  the 
gun  tube  is  modeled  using  both  closed-form  analytic  and  finite  element  methods. 
Results  indicate  that  very  high  amplitude  and  high  frequency  strains  are  induced  in 
the  tube  at  the  instant  and  location  of  pressure  front  passage  as  the  velocity  of  the 
projectile  approaches  the  fundamental  propagation  velocity  of  the  axially  symmetric 
flexural  wave.  The  dynamic  effects  are  especially  critical  on  overwrapped  composite 
gun  tubes  because  of  the  multi -material  construction,  anisotropy  and  thermal 
degradation  of  material  properties,  and  the  design  goals  inherent  in  light  weight 
structures  applications. 


INTRODUCTION 

Very  high  amplitude  and  high  frequency  strains  develop  in  a  gun  tube  at  the 
instant  and  location  of  projectile  passage.  This  phenomena  is  commonly  referred  to  as 
dynamic  strain  amplification  within  the  ballistic  community.  It  is  caused  by  resonance 
as  the  moving  pressure  front  approaches  a  critical  propagation  velocity  of  the  axially 
symmetric  flexural  waves  in  the  tube.  The  dynamic  response  of  a  gun  tube  subjected 
to  moving  pressure  loads  has  been  investigated  by  Taylor  (1942)  [1],  Jones  and  Bhuta 
(1964)  [2],  Tang  (1965)  [3],  and  Reismann  (196^  [4].  More  recently,  Simkins  (1987) 
[5]  investigated  the  response  of  flexural  waves  in  constant  cross-section  tank  gun 
tubes.  Evidence  of  dynamic  strain  amplification  in  the  120  mm  tank  guns  has  been 
observed.  Hopkins  (1991)  [6]  used  the  finite  element  method  to  study  the  dynamic 
strain  response  in  more  realistic  gun  tube  geometries  subjected  to  a  moving  pressure 
front  for  which  analytic  solutions  are  not  easily  available.  Currently,  research  of  the 
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dynamic  strain  effect  in  gun  tubes  has  been  limited  to  tubes  made  of  isotropic  material 
constructions.  In  this  paper,  the  dynamic  response  in  an  overwrapped  composite  tube 
with  a  steel  liner  is  investigated.  The  results  are  applicable  to  light  weight  composite 
cylinder  designs  such  as  gun  tubes  and  high  pressure  piping  systems . 

This  dynamic  strain  effect  is  especially  critical  for  overwrapped  composite  gun 
tubes  which  are  designed  to  achieve  enhanced  performance  with  relatively  light 
weight.  From  a  design  point  of  view,  the  weight  savings  in  general  decreases  the 
rigidity  and  inertia  of  the  tubes  under  dynamic  loads.  These  effects  are  especially 
critical  for  thin-wall  cylinders.  Also,  the  response  at  the  interface  between  the 
composite  overwrap  and  steel  liner  becomes  very  important.  The  shear  properties  and 
tensile  peel  strength  at  this  interface  are  relatively  low  due  to  poor  adhesion  between 
these  materials.  The  stress  and  strain  levels  due  to  dynamic  strain  amplification  can  be 
two  to  three  times  higher  than  those  attained  under  static  loading  conditions.  This 
amplification  is  due  to  local  shell  bending  caused  by  the  pressure  discontinuity  as  it 
travels  down  the  tube.  The  deformation  due  to  shell  bending  also  leads  to  veiy  high 
axial  and  transverse  shear  stresses.  The  transverse  shear  stress  magnitude  is  critical 
since  the  shear  strength  of  comjwsites  are  generally  much  lower  than  the  shear 
strength  of  metals.  The  dynamic  cyclic  strains  may  lead  to  fatigue  failure  of  the 
composite  materials  resulting  in  dynamic  fracture  of  the  overw'rapped  tube. 


ANALYSIS 

In  this  section,  the  dynamic  response  of  a  composite  overwrapped,  gun  tube 
subjected  to  a  moving  pressure  load  is  investigated  using  both  closed-form  analytic 
and  finite  element  methods.  The  critical  velocity  at  which  resonance  occurs  is 
dependent  upon  the  specific  tube  geometry  and  material  properties.  Except  for 
simple  geometries,  it  is  not  possible  to  obtain  a  closed-form  expression  for  the  critical 
velocity  as  a  function  of  these  parameters.  As  a  first  approximation  though.  Love’s 
thin  shell  theory  can  be  used  to  derive  a  closed-form  expression  for  the  critical 
velocity.  This  is  because  predicted  values  of  the  critical  velocity  based  on  thin-shell 
theoiy'  are  reasonably  accurate  when  compared  with  both  experimentally  measured 
values  as  well  as  values  obtained  using  finite  element  methods.  A  rule-of-mixture 
approach  for  determining  appropriate  material  properties  is  applied  to  simplify  the 
calculation  procedure  for  a  multi-material  construction.  The  finite  element  solution  is 
obtained  using  a  version  of  the  DYNA2D  [7]  hydrocode  which  has  been  modified  to 
allow  accurate  modeling  of  the  moving  pressure  front.  This  approach  allows 
modeling  both  the  moving  pressure  front  and  the  composite  cylinder  geometry  in 
sufficient  detail  to  simulate  the  actual  loading  conditions. 


Critical  Velocity 

The  critical  velocity  of  a  flexural  wave  in  a  cylindrical  tube  can  be  obtained 
from  Love's  thin  shell  theory.  Although  some  assumptions  of  thin  shell  theory  are  not 
strictly  valid  for  the  gun  tube  w'hich  is  thick  in  geometry,  the  predicted  critical 
velocity  does  provide  a  good  estimation  of  the  measured  critical  velocity  near  the 
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muzzle.  Additionally,  the  closed-form  solution  is  very  valuable  in  illustrating  and 
understanding  the  important  parameters  which  determine  the  dynamic  response  of  the 
cylinder .  These  results  can  be  compared  with  the  critical  velocity  values  obtained 
using  finite  element  techniques. 

Consider  a  thin  orthotropic  cylindrer  of  radius  R  subjected  to  a  transient  and 
an  axisymmetric  radial  load,  e.g.  a  moving  internal  pressure  P.  Figure  1  shows  the 
geometry,  coordinate  system,  and  pressure  loading  condition  being  considered.  The 
governing  equation  derived  from  the  conservation  of  momentum  principle  for  this 
model  includes  a  moving  internal  pressure  front,  expressed  as  Heaviside  step  function, 
is 


a^w  ^  a^w 

m—  + 

ar  dx* 


I2(l-V0^v^e) 


h“R^ 


DeW-.P(l-H(x- Vt)) 


(1) 


where  W  is  the  radial  displacement,  dependent  upon  time,  t,  and  axial  position 
coordinate,  x,  m  is  the  mass  which  is  equal  to  ph,  p  is  the  density  of  shell  material,  h  is 
the  thickness  of  the  shell,  P  is  the  internal  pressure,  and  V  is  the  pressure  front  velocity 
which  is  assumed  constant.  The  shell  bending  stiffness  in  the  axial  and 
circumferential  directions  are  given  by  the  expressions  in  Eq.  (2)  and  Eq.  (3), 
respectively. 


Exh' 

12(l-vexVxe) 

(2) 

Eeh^ 

12(l-ve;,v^e) 

(3) 

where  Ex  and  Ee  are  the  effective  (smeared)  elastic  moduli,  and  Oxe  and  o@x  are  the 
effective  Poisson's  ratios  of  the  composite  material  in  the  axial  and  circumferential 
directions,  respectively.  For  a  composite  tube  with  cross-ply  laminate  construction, 
the  shell  bending  stiffness  is  different  in  the  axial  and  circuniferential  directions  and  is 
a  function  of  the  axial-to-hoop  layer  ratio. 

The  loading  function,  P(1  -  H(x-Vt))  in  Eq.  (1),  represents  the  internal  pressure 
front  traveling  in  the  axial  direction  with  constant  velocity  V.  H(x-Vt)  is  the 
Heaviside  step  function.  Accordingly, 

P(l-H(x-Vt))  -0  when  x  >  Vt 

-  P  when  X  s  Vt  (4) 
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The  critical  velocity  for  an  orthotropic  cylindrical  shell,  derived  from  the 
characteristic  function  obtained  from  Eq.  (1),  is  given  by 


V 


2 

CT,corrp 


/  1  /h\  [V^ 

V  3(l-vexVxe)  ^  P 


(5) 


Equation  (5)  shows  that  the  critical  velocity  of  an  orthotropic  cylinder 
subjected  to  a  moving  pressure  front  is  a  function  of  the  geometry,  density,  Poisson 
ratios,  and  elastic  moduli.  The  critical  velocity  increases  when  either  of  the  elastic 
moduli  increase  as  well  as  when  the  shell  thiclmess  to  radius  ratio  increases.  From  a 
design  point-of-view,  a  tube  constructed  with  high  stiffness  and  lightweight  materials 
is  preferred  for  dynamic  loading  conditions.  However,  Equation  5  indicates  that  a 
larger  wall  thickness  is  required  for  the  tube  geometry  when  a  high  velocity  pressure 
front  is  present.  It  also  shows  that  a  cylinder  with  isotropic  properties  (e.g.  He  =  Ex ) 
will  have  the  highest  critical  velocity  if  all  other  material  properties  as  well  as  the 
geometry  remain  the  same. 

For  an  isotropic  cylinder.  Equation  1  reduces  to 


m- 


at" 


+  D 


aV  Eh 

—  +  — w 

ax^ 


P(l-H(x-Vt)) 
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where  D,  the  bending  stiffness  of  shell,  is  given  by 


D- 


Eh^ 

12(1-v2) 
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The  critical  velocity  at  which  resonance  occurs  in  this  isotropic  tube  is 
therefore  given  by 


The  critical  velocity  of  an  isotropic  cylinder,  Eq.  (8),  is  thus  seen  to  be  very 
similar  to  the  critical  velocity  of  an  orthotropic  cylinder,  Eq.  (5).  As  discussed 
previously,  it  is  important  from  a  design  p)oint-of-view  to  be  able  to  estimate  the 
critical  velocity  of  gun  tube  constructed  from  various  materials. 


Finite  Element  Solution 

The  closed-form  solution  described  in  the  previous  section  can  be  applied 
accurately  to  a  cylindrical  shell  under  the  assumption  of  infinite  length.  For  a  finite 


length  cylinder  with  varying  cross-sectional  area  along  its  length  and  multi-material 
construction,  the  finite  element  method  allows  a  more  expedient  and  straightforward 
procedure  for  determining  the  critical  velocity.  DYNA2D  [7],  a  hydrodynamic  finite 
element  code,  was  modified  to  simulate  the  moving  pressure  boundary  condition.  The 
solution  obtained  using  DYNA2D  is  a  reduced  3D  solution  resulting  from 
axisymmetrical  conditions  of  both  geometry  and  loads.  Accordingly,  the  analysis 
includes  both  the  flexural  and  shear  modes  and  will  approach  the  exact  solution  as 
the  mesh  discretization  increases. 

A  schematic  of  the  finite  element  modeling  technique  is  shown  in  Hgure  2.  A 
slideline  which  allows  a  dummy  projectile  to  move  freely  along  the  axial  direction  of 
the  cylinder  is  included  in  the  finite  element  model  of  the  cylinder .  The  instantaneous 
location  of  the  pressure  front  is  then  easily  determined  by  the  tracking  the  location  of 
the  rear  face  of  the  dummy  projectile.  In  order  to  accurately  capture  the  oscillatory 
dynamic  response  of  the  tube,  the  computation  utilizes  a  very  fine  time  interval  (-10*^ 
sec).  This  time  interval  also  dlows  the  pressure  to  slowly  ramp  to  maximum  value  as 
individual  element  surfaces  are  uncovered  by  the  moving  projectile.  The  artificial 
numerical  stress  oscillations  due  to  the  sudden  application  of  the  pressure  boundary 
condition  on  an  element  face  are  minimized.  Hence,  these  numerical  oscillations  do 
not  adversely  affect  the  solution.  While  for  the  cases  examined  in  this  study  the 
projectile  velocity  was  held  constant,  this  methodology  can  also  be  used  to  simulate 
the  effect  of  an  accelerating  projectile  if  desired. 

Since  the  composite  tube  has  a  laminated  construction,  ideally  a  ply-by-ply 
model  will  yield  the  best  result  and  accuracy.  However,  this  would  dictate  the  use  of 
many  thousands  of  elements  in  the  finite  element  model.  This  level  of  detail,  coupled 
with  the  very  short  time  step  interval  required  for  a  dynamic  analysis,  would  lead  to 
an  unreasonably  long  computational  time.  Also,  an  additional  side  effect  of  taking 
many  millions  of  time  steps  would  be  to  induce  numerical  instabilities  due  to  round-off 
errors.  To  avoid  these  constraints,  the  size  of  finite  element  model  was  limited  so  that 
it  can  be  analyzed  within  a  reasonable  computational  time.  For  thick  composite 
analysis,  it  is  standard  practice  to  use  smeared  properties  for  the  composite  laminate. 
These  properties,  which  are  representative  of  the  unique  layup  construction  of  the 
tube,  were  calculated  using  a  model  developed  by  Alexander,  Tzeng,  Drysdale,  and 
Bums  (1994)  [8].  The  smeared  property  approach  allows  a  single  finite  element  to 
contain  about  10  layers  through  the  thickness  of  laminate.  Accordingly,  the  size  of 
the  finite  element  model  can  be  greatly  reduced.  The  smeared  properties  for  a 
composite  tube  composed  of  25%  axial  (x-direction)  and  75%  hoop  (6-direction) 
plies  are  shown  in  Hgure  3.  The  properties  are  calculated  based  on  the  use  of  an  IM7 
graphite  /  8551-7  epoxy  composite.  The  unit  ply  properties  are  also  given  in  this 
figure. 


The  cylindrical  geometry  used  in  this  analysis  is  100  inches  long  with  a 
constant  wall  thickness.  The  steel  liner  and  composite  overwrap  are  0.05  inch  and 
0.15  inch  thick,  respectively.  The  cylinder  is  equally  divided  into  200  elements  along 
the  axial  direction  and  6  elements  through  the  thickness.  These  elenients  are  divided 
into  2  elements  representing  the  steel  liner  with  4  elements  representing  the  composite 
overwrap.  In  all,  this  model  utilizes  1,200  elements.  The  moving  internal  pressure  is 
6,000  psi.  Two  pressure  front  velocities,  a  sub-critical  velocity  of  2,500  ft/sec  (Case  1) 
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and  a  super-critical  velocity  3,500  ft/sec  (Case  2)  were  performed  to  illustrate  the 
dynamic  effects . 

The  total  time  for  the  projectile  to  traverse  the  tube  was  3.33  msec  and  2.43 
msec  for  Cases  1  and  2,  respectively.  The  time  increment  used  in  the  analysis  was  on 
the  order  of  1  psec ,  therefore,  approximately  3,500-4,000  time  steps  were  needed  for 
each  analysis.  The  finite  element  model  including  the  composite  cylinder  and  the 
dummy  projectile  are  shown  in  Rgures  4  and  5  at  two  different  instants  in  time. 

Rnally,  because  an  axisymmetric  model  was  employed,  only  one-half  of  the  cylinder  is 
shown.  In  Figure  4,  the  dummy  projectile  is  shown  at  its  initial  position.  The 
projectile  is  then  given  an  initial  velocity  which  is  held  constant  throughout  the^ 
analysis.  Figure  5  shows  the  projectile  when  it  has  traveled  20  inches  from  the  initial 
position.  A  fringe  plot  of  the  radial  displacement  in  the  neighborhood  of  the 
projectile  at  this  specific  instant  is  shown  in  Figure  6.  The  fringe  pattern  shows  the 
stress  oscillation  due  to  induced  bending  boundary  layer  stresses  in  the  wall  of 
cylinder  as  it  is  subjected  to  a  moving  pressure  front.  The  maximum  displacement  is 
located  very  close  to  the  base  of  projectile.  This  corresponds  the  location  of  the 
pressure  loading  discontinuity.  The  displacement  then  decreases  with  increasing  axial 
distance  from  the  location  of  the  pressure  front  discontinuity.  The  deformation  is 
transient  and  cyclic  with  time  and  position. 

The  above  way  of  presenting  the  data  shows  the  spatial  variation  of  the 
displacement,  and  consequently  strain  and  stress,  fields.  This  view  corresponds  to 
what  an  observer  traveling  with  the  projectile  as  it  traverses  the  cylinder  would 
observe.  An  alternative  view  is  to  pick  a  fixed  location  on  the  tube  and  observe  the 
change  in  displacement  as  the  projectile  approaches  this  position  and  then  passes  it, 
e.g.  a  time  history  plot  for  a  given  location.  This  corresponds  to  what  is  measured 
with  strain  gauges  or  accelerometers  attached  to  the  tube.  The  radial  locations  at 
which  various  displacement  and  stress  components  are  examined  in  this  report  are 
shown  in  Figure  7.  These  radial  locations  represent  positions  at  which  these 
displacement  and  stress  components  attain  their  greatest  values  as  discussed  in  detail 
in  the  following.  Since  the  tube  is  subjected  to  an  internal  pressure,  the  maximum 
hoop  stress  occurs  at  the  inner  surface  of  the  liner.  As  the  pressure  front  passes  a 
given  axial  location,  a  local  axisymmetric  bending  occurs  in  the  wall  of  the  tube.  The 
maximum  axial  stress  w'ill  thus  occur  at  the  innermost  surface  of  the  liner  and  the 
outermost  surface  of  the  composite.  The  maximum  shear  stress  associated  with  this 
bending  is  located  at  the  neutral  axis  of  the  cross  section.  Accordingly,  the  critical 
value  of  the  shear  stress  in  the  transverse  direction  of  composite  laminate  occurs  near 
the  interface  of  the  liner  and  the  composite  overwrap. 

Figures  8-13  plot  the  various  displacement  and  stress  components  vs.  time  at 
these  locations  for  the  cylinder  of  Design  I.  The  radial  displacement  at  the  innermost 
region  of  the  composite  (Figure  8)  shows  a  dramatic  difference  in  the  magnitude  of 
peak  displacement  as  well  as  in  temporal  behavior  of  the  oscillations  as  the  projectile 
velocity  changes,  Case  1  vs  Case  2.  Prior  to  the  projectile  arriving,  the  cylinder  at 
these  observed  locations  are  basically  undeformed.  The  small  oscillations  that  occur 
just  before  projectile  arrival  are  real  and  represent  stress  oscillations  due  to  the  moving 
pressure  front.  Similar  behavior  is  predict^  by  thin  wall  shell  theory.  It  is  seen  that  at 
the  instant  the  projectile  passes,  the  radial  displacement  undergoes  a  rapid  increase. 
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However,  for  sufficiently  low  velocities,  similar  to  Case  1,  the  displacements  and 
stresses  are  still  close  to  what  would  be  predicted  based  upon  Lame's  equations  for  a 
static  internal  pressure  loading.  This  is  not  the  case  though  for  velocities  near  or 
above  the  critical  velocity  shown  in  Figure  8,  Case  2,  A  vep'  large  radial 
displacement  occurs  for  this  case  where  the  projectile  velocity  is  3,500  ft/sec.  In  fact, 
this  velocity  exceeds  the  critical  velocity  of  the  overwrapped  composite  tube.  The 
peak  magnitude  of  the  radial  displacement  is  seen  to  be  about  1.5  times  the  peak 
magnitude  of  the  radial  displacement  of  Case  1  where  the  velocity  is  only. 2,500  ft/sec. 
As  the  projectile  moves  further  away  from  this  axial  location,  the  radial  displacement 
approaches  the  same  magnitude  (~7.5  x  10-3  inch)  as  would  be  predicted  by  a  static 
analysis  of  a  pressurized  tube.  This  is  shown  to  be  true  for  both  Case  1  and  Case  2.  It 
is  very  important  to  realize  that  because  the  velocity  for  Case  2  is  above  the  critical 
velocity,  the  peak  radial  displacement  value  is  actually  less  than  the  peak  value  that 
would  be  obtained  if  the  projectile  had  accelerated  from  2,500  ft/sec  to  3,500  ft/sec 
since  in  this  scenario,  the  projectile  would  have  passed  through  the  critical  velocity  at 
some  axial  location.  This  would  have  resulted  in  a  resonant  condition  at  that  lo(^tion 
and  the  peak  radial  displacement  would  have  been  at  least  twice  the  Lame'  prediction. 
In  fact,  for  linear  elastic  behavior,  the  magnitude  of  dynamic  response  would 
theoretically  have  been  infinitely  large.  In  the  analysis,  the  material  response  was 
limited  by  the  internal  damping  of  the  material  coupled  with  its  behavior  after  yield. 

Figure  9  shows  the  smeared  hoop  stress  induced  at  the  innermost  region  of 
composite.  The  composite  overwrap  is  constructed  with  75%  hoop  and  25%  axial 
plies  and  the  smeared  hoop  stress  presents  the  average  value  for  the  laminate 
construction.  A  simple  rule-of-mixtures  calculation  indicates  that  the  peak  unsmeared 
fiber  stress  in  the  hoop  direction  is  about  86  ksi  for  the  low  velocity  case  and  135  ksi 
for  the  high  velocity  case.  The  effect  of  resonance  due  to  a  moving  pressure  front  is 
again  clearly  indicated.  Figure  10  shows  the  smeared  axial  stress  at  the  outermost 
radius  of  composite  overwrap.  The  axial  stress  mainly  results  from  the  shell  bending 
along  the  axial  direction.  The  computed  fiber  stress  is  approximately  45  ksi  and  100 
ksi  for  the  low  and  high  velocity  cases,  respectively  based  on  a  rule-of-mixtures 
approach.  Figure  11  shows  the  shear  stress,  Xrz  at  the  innermost  radius  of  composite 
overwrap  which  is  near  the  neutral  axis  of  the  combined  steel/composite  tube.  The 
shear  stress  is  in  the  transverse  direction  of  the  laminate.  The  stress  levels  are  4.3  ksi 
and  7.0  ksi  for  the  low  and  high  velocity  cases,  respectively.  Consideririg 
manufacturing  factors  and  the  low  adhesion  strength  at  the  steel/composite  interface, 
the  7.0  ksi  shear  stress  indicates  a  low  margin  of  safety  factor. 

Figures  12  and  13  show  the  hoop  and  axial  stresses  respectively,  at  the 
innermost  radius  of  the  liner.  Both  the  hoop  and  axial  stresses  show  the  resonance 
effect  for  the  case  of  high  velocity.  These  high  frequency  stress  oscillations  may  not 
cause  immediate  failure  of  the  liner  since  the  peak  magnitude  is  well  below  the  failure 
stress  of  high  quality  steel,  although  the  comments  concerning  the  effect  of  an 
accelerating  projectile  as  discussed  previously  must  be  kept  in  mind.  However,  of 
potentially  more  importance  is  the  effect  of  these  high  frequency  stress  oscillations 
upon  the  fatigue  behavior  of  the  gun  and  the  effect  this  may  have  in  reducing  the  life 
cycle  of  the  cylinder  due  to  fatigue  of  either  the  liner  or  composite  overwrap 
materials. 
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The  use  of  a  thicker  steel  liner  also  leads  to  a  different  value  for  the  critical 
velocity.  It  is  reasonable  to  estimate  the  critical  velocity  approximately  using  the 
thin-shell  solution  derived  previously  for  a  mono  material  design.  The  critical  velocity 
is  proportional  to  the  modulus-to-density  ratio  if  the  geometry  is  kept  to  be  the  same. 
However,  the  critical  velocity  for  a  multi-material  construction  such  as  a  steel  liner 
wrapped  with  composite  can  no  longer  easily  be  predicted  using  the  equation  (5)  and 
(8).  A  closed  form  solution  can  be  obtained  by  solving  the  boundary  value  problem 
from  thick  shell  theory.  Other  approach  will  be  the  finite  element  solution  as 
presented  in  this  investigation. 


CONCLUSION 

The  dynamic  analysis  of  an  overwrapped  composite  tube  illustrates  high 
magnitude  strains  and  stresses  develop  in  the  tube  at  the  rear  face  of  the  projectile  as 
the  projectile  traverses  the  length  of  the  tube.  The  high  magnitudes  are  caused  by  a 
resonance  condition  of  the  flexural  wave  propagation  with  the  moving  pressure  front 
velocity.  This  effect  is  commonly  referred  to  as  dynamic  strain  amplification.  These 
results  are  important  in  highlighting  the  potential  shortcomings  of  traditional  static 
analysis  commonly  used  in  cylinder  design.  This  dynamic  strain  effect  wn  potentially 
cause  damage  and  lead  to  a  shortened  life  cycle  of  cylinder  .  The  dynamic  effect  is 
particularly  critical  for  the  lightweight  overwrapped  composite  gun  barrels  because  of 
the  low  shear  stress  strength  at  the  interface  of  multi-material  construction  and  the 
tendency  of  thermal  degradation  of  polymer  composite  materials  to  further  reduce 
these  strength  levels.  Finally,  the  goal  of  achieving  a  lightweight  design  leads  to 
tubes  with  thinner  wall  thiclmesses  at  precisely  the  axial  location  where  the  projectile 
velocity  and  thus  the  dynamic  strain  amplification  effect  will  be  the  greatest;  the 
muzzle.  In  order  to  arrive  at  a  safe,  optimum  design  then,  this  effect  must  be  included. 
This  paper  illustrates  one  approach  to  analyzing  proposed  designs  using  finite 
element  methods  and  including  the  effect  of  a  moving  pressure  front. 


REFERENCES 

1.  Taylor,  G.  I.,  "Strains  in  a  Gun  Barrel  Near  the  Driving  Barrel  of  a  Moving 
Projectile,"  A.C  1851/Gn.  104,  U.K.  Ministry  of  Supply,  London,  England,  March 
1942. 

2.  Jones,  J.  P.  and  Bhuta,  P.  G.,  "Response  of  Cylindrical  Shell  to  Moving  Loads", 
Journal  of  Applied  Mechanics,  Vol.31,  Trans,  ASME,  Vol.  86,  Series  E,  March  1964, 
pp.  105-111. 

3.  Tang,  S.,  "Dynamic  Response  of  a  Tube  Under  Moving  Pressure,"  Journal  of  the 
Engineering  Mechanics  Division  Proceedings  of  the  ASCE,  October  1965,  pp.  97- 
122. 


27-8 


4.  Reismann,  H.,  "Response  of  a  Prestressed  Cylindrical  Shell  to  Moving  Pressure 
Load,  Development  in  Mechanics,"  Solid  Mechanics  -  Proceedings  of  the  Eighth 
Midwestern  Mechanics  Conference,  Pergamon  Press,  Part  II,  Vol.  2, 1965,  pp.  349- 


363. 


5.  Simkins,  T.  E.,  "Response  of  Rexural  Waves  in  Gun  Tubes,"  Tech.  Report 
ARCCB-TR-87008,  US  Army  ARDEC,  Benet  Weapons  Laboratory,  Watervliet,  NY, 
July, 

1987. 

6.  Hopkins,  D.  A.,  "Predicting  Dynamic  Strain  Amplification  by  Coupling  a  Finite 
Element  Structural  Analysis  Code  with  a  Gun  Interior  Ballistic  Code,"  BRL-TR-3269, 
U.  S.  Army  Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground,  Maryland, 
September,  1991. 

7.  Hallquist,  J.  O.,  "User  Manual  for  DYNA2D  -  An  Explicit  Two-dimensional 
Hydrodynamic  Finite  Element  Code  with  Interactive  Rezoning  and  Graphical 
Display",  Lawrence  Livermore  National  Laboratory,  1987. 

8.  Alexander,  A.,  Tzeng,  J.  T.,  Drysdale  W.  H.,  and  Bruce  B.  P.,  "Effective  Properties  of 
3D  Laminated  Composites  for  Finite  Element  Applications,"  Proceedings  of  1994 
International  Conference  of  Computer  in  Engineering,  Vol.  2,  ASME,  1994,  pp,  507- 
518. 


Deformed 


R  :  Radius  of  cylindrical  shell 
W:  Radial  displacement 
U :  Axial  displacement 
r,  a  X  :  Cylindrical  coordinates 


Figure  1.  A  cylinder  subjected  to  a  moving  internal  pressure 
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Dummy  Projectile 


Tllita«.0000c*00 


Fig\u‘e  4;  Finite  element  model  with  the  dummy  block 
at  the  Initial  position. 


Figure  5:  Finite  element  model  with  the  dummy  block 
at  Tlme-0.53994  E-3  sec) 


Figure  6:  Oscillation  of  radial  displacement  at  the 
vicinitv  of  pressure  front 


Figure  7  :  Locations  of  the  maximum  stress  components 


V  =  3500  ft/sec 


Case  1 

V  =  2500  ft/sec 


Hguxe  8  :  Radial  displacement  in  the  innermost  region  of  the  composite  overwrap 


Case  1 

V  =  2500  ft/sec 


Case  2 

V  =  3500  ft/sec 
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Figure  9  :  Hoop  stress  in  the  innermost  region  of  the  composite  ovenvrap 
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Figure  11 :  Interiaminate  shear  stress  in  the  innermost  region  of  the  composite  overwrap 
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500  ft/sec 


V  =  3500  fi/sec 


Rgure  12 :  Hoop  stress  in  the  innermost  region  of  the  steel  liner 


Case  1 

V  =  2500  ft/sec 
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V  =  3500  ft/sec 


Figure  13  :  Axial  stress  in  the  innermost  region  of  the  steel  liner 
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ABSTRACT: 


The  purpose  of  this  paper  is  to  present  an  applied  methodology  for  the  optimal  design  of 
passive  vibration  absorbers  to  reduce  tenain  induced  vibrations  of  tank  cannon.  The  method  utilizes  a 
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using  the  MATLAB®  software  package.  Optimization  of  the  design  is  achieved  by  assigmng  a  scalar 
cost  function  to  the  frequency  response  of  the  modified  barrel,  to  provide  a  metric  for  mimmization  in 
the  design  parameter  space.  The  results  indicate  that  the  peak  amplitude  of  the  frequency  response  of 
a  1  500  Kg  barrel  may  be  cut  in  half  by  an  appropriately  tuned  20  Kg  absorber  located  at  the  inuzzle. 
Further,  sensitivity  of  the  design  to  parametric  variation  and  modeling  uncertainty  is  si^ficmUy 
reduced  with  Rayleigh  stiffness  proportional  damping  of  the  absorber  in  the  range  or  U.  N/m 
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1.  INTRODUCTION 

The  purpose  of  this  paper  is  to  develop  an  applied  methodology  for  the  optimal  design  of 
passive  vibration  absorbers  to  reduce  terrain  induced  vibrations  of  tank  cannon.  It  is  anticipated  that 
this  will  improve  the  accuracy  of  the  weapon  by  reducing  variations  in  the  initial  conditions  of  the  gun 
barrel  at  shot  start. 

Application  of  vibration  absorbers  to  beams  entails  coupling  a  damped  mass-spring  system  to 
the  beam  at  the  locations  of  greatest  vibration  activity.  (Vibration  absorbers  [1]  are  also  co^oitiy 
referred  to  as  dynamic  dampers  [2],  vibration  neutralizers  [3],  and  tuned-mass-dampers,  MTDs  [4, 

5],)*  This  achieves  two  main  benefits.  First,  the  addition  of  the  absorber  may  reduce  the  receptance 
of  the  modified  beam  to  certain  frequency  bands  of  a  disturbance  force  — effectively  rejecting  the 
disturbance  energy.  Second,  the  absorber  provides  the  opportunity  to  enhance  the  dissipation  of 
vibrational  energy  via  the  damping  of  the  absorber.  This  may  play  a  significant  role  if  the  damping  of 
the  unmodified  structure  is  limited  and  sustained  external  excitement  is  ejected,  but  it  generally  has 
less  impact  on  the  design.  Absorbers  also  present  the  undesirable  possibility  of  increased  receptance  at 

certain  frequency  bands. 

The  method  presented  in  this  paper  utilizes  an  Euler-Bemoulli  finite  element  technique  to 
generate  the  second-order  equations  of  motion  of  the  gun  banel  as  a  non-uniform  beam,  with 
subsequent  conversion  to  the  first-order  state-space  domain  [6].  This  model  is  then  transfome^o  the 
Laplace  “s”  domain  (transfer  function  form)  using  the  MATLAB®  software  package  [7,  8,  9J.  (The 
MathWorks,  Inc.  /  24  Prime  Park  Way  /  Natick,  MA  01760-1500.)  In  this  domain,  the  frequency 


^  The  author  would  like  to  thank  Dr.  Andrew  Lemnios  — Rensselaer  Polytechnic  Institute,  Troy,  NY  and 

Dr.  Ronald  Cast,  Dr.  Ronald  Racicot,  and  Dr.  Patrick  Vottis  — U.  S.  Army,  Benet  Laboratones,  Watervliet  Arsenal, 
]S[Y—  for  their  assistance  and  insightful  suggestions  throughout  this  effort. 

*  In  many  engineering  contexts,  these  terms  may  become  misnomers  and  create  confusion  [3].  The  desi^ 

of  such  mechanisms  may  emphasize  the  dissipation  of  energy  via  damping  or  the  redistribution  of  enerp  within  the 
frequency  spectrum.  For  this  application,  the  absorption  of  energy  —into  other  frequency  bands-  and  the  dissipation 
of  energy  by  the  damping  element  are  both  superseded  by  the  rejection  of  the  energy  effected  by  reshaping  the 
frequency  response  function. 
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response  of  the  system  is  revealed  via  Bode  analysis.  Optimization  of  the  design  is  achieved  by 
assigning  a  scalar  cost  function  to  the  frequency  response  function  of  the  modified  barrel,  to  provide  a 
metric  for  minimization  in  the  design  parameter  space  of  the  vibration  absorber.  This  provides  an 
applied  approach  to  the  effective  design  of  vibration  absorbers.  It  forms  a  middle  ground  between 
mere  numerical  simulation  and  analytic  formulation  of  the  problem. 

This  paper  will  document  the  detailed  development  of  the  dynamic  modeling  and  design  of 
vibration  absorbers  for  application  to  the  XM291  gun  system  as  an  elastic  beam.  All  explicit 
MATLAB®  functions,  in  addition  to  the  previously  written  m-files,  are  enclosed  by  angle  brackets  to 
distinguish  them  from  regular  text. 


2.  THE  DYNAMIC  MODEL 

This  report  will  leverage  the  software  developments  of  a  previous  effort  to  formulate  the 
dynamic  model  of  the  gun  system  [6]. 

2.1  The  Barrel 

The  means  chosen  to  dynamically  model  the  barrel  is  the  finite  element  method.  This 
application  utilizes  the  Euler-Bemoulli  beam  approximation  and  Hermite-cubic  interpolation  functions 
to  form  the  inertial  and  stifftiess  matrices  of  the  undamped  second-order  equations  of  motion.  This  is 
achieved  by  approximating  the  continuous  non-uniform  beam  as  an  assemblage  of  a  finite  number  of 
discrete  elements.  Within  each  discrete  element,  the  interpolation  functions  are  used  to  approximate 
the  interior  deformation.  At  the  boundary  between  two  adjacent  elements,  called  a  node,  continuity  of 
lateral  displacement  and  slope  are  imposed.  When  assembled,  the  resulting  finite  element  model 
dynamics,  governed  solely  by  the  node  states,  closely  approximates  the  dynamics  of  the  non-uniform 

beam. 
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XM291  Profile  &  Non  beam  Masses  Versus  Length  in  Meters,  (Total  Non  beam  Mass  of  1442  Kg,  or  3178  Ibm) 


Axial  Position  (m) 

Figure  1  XM291  Geometry  and  Material  Properties  Data. 


The  geometry  and  material  properties  data  for  the  XM291  is  read  in  by  the  m-file 
<geomf  XM291.m>  [6]  and  is  shown  in  Figure  1.  The  upper  plot  depicts  the  inner  and  outer  radii  of 
the  barrd  with  respect  to  the  axial  position.  Within  the  confines  of  the  inner  diameter  of  the  barrel, 
the  distribution  of  the  extraneous  mass  of  components  that  are  attached  to  the  barrel  is  shown.  The 
plot  reveals  that  this  barrel  is  configured  with  it’s  breech  and  mount  hardware,  but  not  the  thermal 
Louds  bore  evacuator,  or  muzzle  reference  mount.  For  clarification,  the  total  mass  of  the  extraneous 
attached  hardware  is  shovm  in  the  title.  The  middle  plot  indicates  the  linear  density  of  the  barrel 
alone.  (The  purpose  of  segregating  the  inertia  of  the  banel  from  the  mounted  hardware  is  to  maintain 
visual  validation  of  the  plots;  a  plot  of  the  combined  linear  density  could  obscure  the  distinction 
between  a  valid  plot  and  an  erroneous  one.)  Tlie  final  plot  reveals  the  axial  distnbution  of  cross- 
sectional  stiffness.  These  input  vectors  are  used  to  formulate  the  finite  clement  matnces. 


For  this  model,  the  barrel  wUl  be  broken-up  into  seven  elements.  This  will  provide  ample 
accuracy  of  the  model,  in  the  frequency  range  of  the  first  few  flexible  modes.  As  was  sho\^  m  [  ] 
the  frequency  response  is  greatest  in  the  lowest  modes  of  vibration,  where  the  fimte  element  model 
most  accurately  mimics  the  vibration  of  the  underlying  distributed  parameter  system. 


To  form  the  finite  element  mesh,  three  locations  are  specified  as  imposed  node  locations. 

These  imposed  nodes  specify  the  locations  along  the  barrel  where  external  constraints  may 
conveniently  be  incorporated  into  the  dynamic  model.  TTie  three  external  constraints  will  be  located  at 
the  elevation  mechanism  location,  the  trunnion  bearing  location,  and  the  location  of  the  vibra  ion 
absorber  (0.540m,  0.988m,  and  6.544m  respectively).  For  convenience,  the  absorber  will  be  located  at 
the  muzzle  reference  system  mount,  as  it  is  a  convenient  location  to  test  the  d^gn  concept.  In 
general,  the  location  of  the  absorber  would  be  a  free  parameter  in  its  design.  The  remaimng  three 
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node  locations  are  placed  by  the  file  <fem_mesh.m> 
[6].  (For  seven  elements,  the  beam  must  be 
modeled  by  eight  nodes.  This  includes  the  two  free- 
ends  of  the  beam,  and  the  three  imposed  node 
locations,  leaving  three  nodes  to  be  placed  by  the 
mesh  as  shown  in  Figure  2.) 

The  result  of  the  finite  element  modeling  of 
the  barrel  realized  by  <fem_form.m>  [6]  consists  of 
a  sixteen-by-sixteen  inertial  matrix  and  cross- 
sectional  stiffness  matrix.  A  damping  matrix,  that 
introduces  a  force  opposite  in  direction  and 
proportional  to  the  velocity  of  the  deformations,  is 
constructed  via  the  Rayleigh  proportional  damping 
approximation  as  realized  by  the  file  <fem_lump.m> 
[6].  The  inertial  proportional  damping  coefficient, 
a,  is  set  to  zero  while  the  stiffness  coefficient,  P,  is 
set  to  0.001  (These  values  are  a  common 

-  A.  J 

approximation  for  steel  structures.  Experimental 
measurement  of  these  values  is  anticipated  in  a 
future  report.) 

2.2  ronstraint/Mounting  of  the  Barrel 

Once  the  dynamics  of  the  distributed 
parameter  system  of  the  barrel  are  modeled,  they 
must  be  constrained  by  a  model  of  the  gun  mount. 
This  constraint  is  essentially  applied  to  the  barrel  at 
two  locations  — ^the  elevation  mechanism  and  the 
trunnions —  and  provides  constraint  forces  that  are  a 
function  of  the  transverse  deflections  of  the  barrel. 
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Both  forces  are  approximated  by  a  force  that  is  proportional  to  the  lateral  deflection  of  the 
barrel  at  the  constraint  locations,  and  opposite  in  direction.  Thus  the  constraints  are  essentially 
modeled  as  springs.  (For  this  analysis,  both  stiffness  are  set  to  500,000  Ibj/in  ~  10  N/m.) 

Using  arguments  developed  in  [6],  the  stiffness  and  damping  values  of  the  constraints  are 
directly  added  to  the  respective  diagonal  elements  of  the  finite  element  matrices  that  correspond  to  the 
lateral  motion  of  the  constrained  node.  The  implementation  of  this  is  also  executed  by  the  file 
<fem_lump.m>. 

This  parametric  formulation  of  the  barrel  constraints  is  limited;  the  real  structure  would  require 
more  than  two  values  to  accurately  model.  This  approximation  results  in  imprecise  boundary 
conditions  on  the  barrel  that  has  the  greatest  impact  on  the  lower  modes  of  vibration.  However,  the 
model  does  capture  many  of  the  dynamic  effects  of  interest,  and  may  easily  be  modified  to  incorporate 
more  advanced  constraint  approximations  — ^including  servo-control  dynamics  [10]. 
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2.3  Coupled  External  Vibration  Absorbers 

A  very  interesting  dynamic  effect  can  be 
achieved  by  coupling  an  external  lumped  mass-spring- 
damper  system  to  structures.  The  effect  of  the  external 
mechanism  is  to  attenuate  combined  system  vibration  in 
a  relatively  narrow  band  near  the  operating  frequency  of 
the  absorber,  and  to  dissipate  and  dispurse  steady-state 
energy  across  a  wider  band,  if  the  damping,  stiffness, 
and  inertial  coefficients  are  well  tuned. 


With  the  inclusion  of  the  absorber,  a  new 
energy  storing  degree-of-freedom  has  been  added  to  the 
total  system.  This  requires  the  inclusion  of  a  new 
generalized  coordinate  to  represent  the  deflection  of  the 
absorber,  and  its  time  derivatives,  from  its  equilibrium 
position.  This  requirement  will  increase  the  size  of  the 
system  matrices  from  sixteen-by-sixteen  to  seventeen- 
by-seventeen  as  shown  in  Figure  3.  (The  incorporation 
of  the  absorber  is  developed  in  [6]  and  implemented  by 
the  file  <fem_lump.m>.) 

Figure  3  depicts  the  image  of  the  completed  system  mass  and  stiffness  matrices  of  an  absorber 
modified  system.  (The  absorber  stiffness,  and  damping  will  be  optimized  later  in  this  report.)  The 
shaded  images  to  the  left  indicate  the  relative  magnitude  of  the  elements  of  each  matnx.  Since  the 
disparity  in  element  magnitude  is  great,  the  distinction  between  small  and  zero  elements  may  be 
obscured.  To  address  this  issue,  the  non-zero  elements  of  both  matrices,  regardless  of  their  magmtude, 
are  revealed  to  the  right  using  MATLAB®’s  <spy>  command  [8].  The  plots  venfy  the  cascading 
construction  of  four-by-four  elemental  matrices,  resulting  in  the  diagonally  banded  system  matnees  for 
the  sixteen-by-sixteen  finite  element  portion  of  the  matrices.  Further,  the  coupling  of  the  absorber  to 
the  lateral  generalized  cx)ordinate  — qi3  in  this  case —  results  in  the  stiffness  elements  at  Kjy  13,  13 17, 

and  Ki7  j,.  (Interior  modification  at  is  also  effected  by  <fem_lump.m>.)  The  absorber  inertia 
results  in  the  single  element  at  the  lower  right-hand  comer  of  the  mass  matrix,  Mj,  !,. 

2.4  Equations  of  Motion 

Once  the  combined  system  matrices  have  been  formed,  the  resulting  equation  of  motion  is. 

Mq  +  C^q  *  Kq  =f  (1) 


XM291  Absorber  Modified  Matricies 
Image  of  Mass  Matrix,  M  Population  of  M 


nz  =  89 


Image  of  Stiffness  Matrix,  K  Population  of  K 


nz  =  91 

Figure  3  Image  of  Absorber  Modified 

System  Matrices. 
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where: 

M  is  the  17  by  17  mass  matrix 

Cp  is  the  17  by  17  damping  matrix 

K  is  the  17  by  17  stiffness  matrix 

2  is  the  17  by  1  generalized  coordinate  vector 

I  is  the  17  by  1  generalized  force  vector 

•  denotes  differentiation  with  respect  to  time 

In  equation  (1),  M,  C^,  and  K  are  the  seventeen-by-seventeen  mass,  damping,  and  stiffness 
matrices  respectively.  The  generalized  coordinate  vector,  fl,  and  force  vector,  I  may  be  related  to  the 
nodal  displacements  and  forces  as  shown  in  equation  (2). 
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where: 

is  the  generalized  coordinate 
is  the  n*^  generalized  force 
is  the  transverse  displacement  of  the  n**'  node 
yy^  is  the  transverse  displacement  of  the  absorber 

6„  is  the  rotational  displacement  of  the  n'*^  node 

is  the  transverse  external  force  at  the  n*^  node 
Fy^  is  the  external  force  applied  to  the  absorber 

is  the  external  applied  moment  at  the  n^  node 
nn  is  the  total  number  of  nodes 
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In  general  — ^with  the  exception  of  gravitational  forces —  external  forces  are  only  transmitted  to 
the  system  through  the  mount  locations  (exclusive  of  the  firing  event).  For  example,  terrain 
disturbance  forces  would  be  applied  to  the  gun  system  through  the  trunnion  mounts  and  corrected  by 
the  elevation  mechanism  (fs  and  respectively  in  this  case).  Gravitational  forces  may  be  neglected  as 
they  result  in  an  equilibrium  deflection  solution  about  which  the  dismrbance  induced  vibrations  wi 
oscillate.  This  assumption  may  be  compromised  if  rapid  elevation  of  the  gun  barrel  —resulting  in 
significant  changes  of  the  orientation  of  the  gun  relative  to  the  gravity  field  and  subsequent  changes  i 
the  equilibrium  deflection —  occurs. 

2.5  Conversion  to  First-Order  State-Space 

Many  of  the  powerful  MATLAB®  tools  for  dynamic  analysis  and  design  require  the  dynainic 
equations  to  be  in  linear,  time-invariant,  first-order  state-space  form.  Equation  (1)  is  m  the  s^°nd- 
order  symmetric  form.  This  representation  of  the  system  dynamics  may  be  converted  to  the  first-order 
state-space  form  through  the  following  method  [6,  11]: 

First,  define  the  state-vector  and  its  first  time  derivative  as  the  combined  generalized 
coordinates  of  equation  (2)  and  their  first  temporal  derivatives: 


Second,  Define  the  system  dynamics  of  equation  (1)  in  terms  of  the  generalized  coordinate 
vector’s  time  derivatives: 

2  =  Iq  («)  ( 

2  =  -M'^Kq  -M'^C^q  +  Af'V  (&) 


Note  that  the  form  of  equation  (4)  presumes  that  the  mass  matrix  is  invertible.  This  is  a  ways 
the  case  for  beam  finite  element  formulations.  Using  equations  (3)  and  (4),  a  state-space 
representation,  with  all  of  the  generalized  coordinates  as  the  output  is: 

X  =  Ax  ^  Bf  (5) 

q  =  Cx  *  Dl 


Where  the  state-space  matrices  are  constructed  in  terms  of  the  second  order  system  matrices, 
and  the  zero  and  identity  matrices  of  compatible  size.  (Note,  the  state-space  matrices  have  twice  the 
number  of  rows  and  columns  of  the  second-order  system  matrices.). 
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The  m-file  <fem2ss.m>  [6]  computes  the  state-space  matrices  using  the  second-order  matrices  of  (1)  as 
shown  in  (6). 


3.  FREQUENCY  RESPONSE  ANALYSIS  OF  THE  MODEL 
3.1  Model  Truncation 


Truncation  of  the  state-space  model  from  a  multi-input/multi-output  system  to  a  single- 
input/single-output  system  facilitates  frequency  response  analysis.  With  this  goal  in  mind,  the 
selection  of  which  input  and  output  to  use  must  be  made.  Since  the  tenain  disturbances  are 
transmitted  to  the  system  via  the  tmnnion  mounts  the  disturbance  forcing  is  applied  at  f^.  The 
correction  force  applied  by  the  elevation  mechanism  at  is  simply  modeled  as  a  linear  compliance. 
(Inclusion  of  the  fire-control  dynamics,  such  as  previously  done  by  Dholiwar  [10],  would  enhance  the 
model  significantly  and  will  be  pursued,  but  have  not  yet  been  incorporated  into  this  effort.)  The 
muzzle  pointing  angle  is  selected  as  the  sole  output  of  the  system  as  it  should  include  contributions 
from  all  vibratory  modes.  (The  muzzle  is  an  anti-nodt  of  the  constrained  beam.)  The  truncation  is 
effected  by  the  <ssselect>  command  [9]  as  was  demonstrated  in  [6]. 
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3.2  Bode  Analysis  of  Unmodified  Barrel 

XM291  Trunnion  Disturbance  to  Muzzle  Pointing  Angle  Bode  Plot 


Once  in  the  single-input/single-output  state-space  realization,  the  frequency  response  of  the 
system  may  be  computed  using  the  <bode>  command  [9].  This  may  the  thought  of  as  a  cross  section 
of  the  Laplace  transfer  function  along  the  imaginary  frequency  axis  by  substituting  jco  for  “5,”  where 
CO  is  the  radial  frequency.  The  frequency  response  of  a  dynamic  system  indicates  the  steady-state 
response,  y(0,  of  the  system  to  a  sinusoidal  input,  u{t)  [9]: 

m(0  =  Asin((27i/)f)  (7) 

y(t)  =  kA  sin((27i/)f  +  ({)) 


where: 

u(t)  is  the  input  force  at  the  trunnions 
A  is  the  amplitude  of  the  input  force 

f  is  the  cyclic  frequency  of  the  input  force 

t  is  time 

y(t)  is  the  output  pointing  angle  of  the  muzzle 
k  is  the  gain 

(f)  is  the  phase  lead/lag  of  the  response 

Figure  4  is  a  Bode  plot  of  the  response  of  the  muzzle  pointing  angle  to  disturbance  tmnnion 
loading  of  the  unmodified  barrel.  This  may  be  used  as  a  base-line  against  which  modified  barrels  may 
be  judged.  It  consists  of  two  plots,  the  upper  relates  the  gain  of  the  system,  k  in  equation  (7),  to  the 
excitation  frequency,  /,  and  the  lower  depicts  the  phase  lag,  (|),  to  the  frequency.  The  gain  is 
represented  in  decibels.  (A  decibel  is  related  to  the  gain  as:  dB  =  20  log.^k).) 
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4.  FREQUENCY  DOMAIN  OPTIMIZATION  OF 
THE  ABSORBER 

4.1  Bode  Analysis  for  Absorber  Optimization 

The  frequency  response  of  a  modified 
barrel  is  effected  in  the  same  maimer  as  the 
unmodified  barrel.  For  this  paper,  two  absorber 
parameters  are  varied,  the  stiffness,  Kva)  ^ind  the 
stiffness  proportional  damping  coefficient,  Pva- 
The  gain  function  of  the  modified  barrel  is  then 
divided  by  the  gain  of  the  original  system,  resulting 
in  a  relative  frequency  response  as  shown  in  Figure 

5. 

A  weighting  function  is  then  applied  to 
emphasize  the  response  in  the  frequency  range  of 
primary  interest.  This  function,  as  shown  in  Figure 

6.  was  generated  as  the  normalized  response  of  a 
second  order  system  with  natural  frequency,  /„,  of 
nine  Hertz  and  a  critical  damping  ratio,  C,  of  40%. 

In  general,  the  weighting  function  may  effectively 
combine  the  dynamics  of  the  gun  system,  with  the 
a  priori  frequency  content  of  the  disturbance 
forcing.  (Multiplication  in  the  frequency  domain  is 
equivalent  to  convolution  in  the  time  domain.  [12]) 
Thus,  this  weighting  function  approximates  white 
terrain  induced  trunnion  force  disturbance  as  having 
been  passed  through  a  second-order,  damped  filter. 

A  single  scalar  cost  function,  J,  is  then 
quantitatively  computed  as  the  integral  of  the  weighted 
relative  frequency  response  of  the  absorber  modified 
system  — across  the  frequency  range  of  interest: 

y=  (8) 


/  Hz 


Relative  Frequency  Response 


M  =  20  Kg,  K  =  1.08e+04  N/m,  B  =  0.02  (N/(iTi/s))/(N/m) 

Figure  5  Juxtaposition  of  Modified  and 

Un-Modified  Barrels  and  the  Resulting  Relative 
Frequency  Response. 


Weighting  Function  Frequency  Response 


Figure  6  Weighting  Function  Used  to 

Emphasize  Expected  Disturbance  Frequency 
Content  in  the  Optimization. 
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where: 


J 

flow 

fhigh 

Gg(f) 

Gyff) 


is  the  scalar  cost  function 

is  the  lowest  frequency  of  interest 

is  the  highest  frequency  of  interest 

is  the  relative  frequency  response  as  shown  in  Figure  5 


is  the  weighting  function  frequency 

response  as  shown  in  Figure  6  Optimaztion  Surface  in  Parameter  Space 


J  is  subsequently  normalized  to  be  unity 
for  Kva  and  Pva  at  zero  (these  values  essentially 
eliminate  the  effects  of  the  damper).  Other  cost 
functions  could  readily  be  utilized  to  incorporate 
other  design  considerations  such  as  worst-case 
performance,  or  pragmatic  engineering  issues  such 
as  bounds  on  reasonable  damping  levels. 

Strategic  formulation  of  the  cost  function  becomes 
more  of  a  concern  as  the  dimension  of  the 
parametric  design  space  increases,  requiring  multi¬ 
dimensional  gradient  descent  methods  for 
optimization  such  as  the  <fmin>  command  [8]. 

For  the  two  dimensional  case  at  hand,  visual 
inspection  of  the  optimization  surface,  J(Pva’ 

Kva),  possible. 


N/(m/s)  /jsj/m 


5.  RESULTS 

5.1  Optimization  Surface 

The  optimization  surface  generated  using 
the  scalar  frequency  response  cost  function  is 
shown  in  Figure  7  for  a  20  Kg  vibration  absorber. 

The  plots  clearly  indicate  that  for  low 
levels  of  damping,  P  s  0.005,  the  absorber  design 
is  extremely  sensitive  to  parametric  variation. 

This  can  bee  seen  by  the  high  density  of  contour 
lines  near  the  peaks  that  indicates  step  gradients. 

The  peaks  are  caused  by  detrimental 
interaction  of  the  absorber  with  the  fundamental 
frequencies  of  the  barrel.  As  mentioned  earlier, 
this  also  implies  that  low  level  damping  absorber 
designs  are  also  sensitive  to  model  uncertainty 
caused  by  the  unmodeled  mount  and  elevation 
servo  control  dynamics.  This  said,  the  contour 
plot  does  indicate  that  at  least  one  low  level 


^  jQ'f  Contour 


PvA  N/(ni/s) /N/n, 

Figure  7  The  Optimization  Surface  of  a  20 

Kg  Absorber.  The  Top  Plot  Depicts  a  3D  rendering 
of  the  Surface.  The  Bottom  Plot  Reveals  a  Contour 
of  the  Surface;  The  Dashed  Line  Represents  the 
Unity  J  Value,  The  Asterisks  Represent  Optimal 
Parameter  Values  that  Minimize  J. 
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damping  design,  near  =  10,000 
N/m,  would  effect  disturbance  rejection 
by  the  absorber. 

For  higher  damping  levels,  0.005 
s  PvA  <  0.030,  the  absorber  design 
appears  to  be  quite  insensitive, 
especially  to  the  level  of  damping. 

In  both  cases,  the  lack  of 
sensitivity  to  damping  levels  is  a 
desirable  result.  Engineering  obstacles 
with  damping  materials  that  are  subject 
to  harsh  variations  in  temperature  — as 
would  be  experienced  in  a  weapon 
environment —  may  be  relaxed  due  to 
this  lack  of  sensitivity  with  respect  to 
this  challenging  design  parameter. 

5.2  Relative  Frequency  Response 

The  optimization  of  Figure  7  demonstrates  that  the  optimal  “spring-constant”  of  11,400  N/m 
that  couples  the  20  Kg  absorber  to  the  gun  barrel  is  essentially  constant  for  the  range  of  Pva’s 
examined.  (Actually,  for  the  low  damping  values,  the  optimization  bifurcates  with  a  slight  advantage 

for  a  Kva  of  9,600  N/m.) 

Figure  8  depicts  the  change  in  the  frequency  response  gain  due  to  an  optimal  absorber  for 
various  Rayliegh  damping  values.  The  “spikes”  in  the  response  for  low  damping,  may  be  offset  by  the 
deep  “notch-filter”  effect  that  these  systems  exhibit.  If  modeling  uncertainty  is  very  low,  matching  the 
notch-filter  to  known  problem  disturbances  may  be  a  viable  design  methodology. 

For  the  case  at  hand,  this  “notch-filter”  approach  may  be  viable  if: 

i.  Prototype  hardware  tuning  of  the  parameters  to  match  the  real  system  is  possible. 

ii.  Interaction  with  the  fire-control  servo  loop  is  well  modeled. 

iii.  Modal  interaction  with  other  unmodeled  structures  (such  as  the  turret)  does  not 
coincide  with  the  absorber  "spikes.” 

The  advantages  of  a  design  with  significant  damping  levels  are  clearly  based  on  a  lack  of 
model  and  structural  sensitivity.  Unless  there  is  an  absolute  need  for  a  "notch-filter”  level  of 
disturbance  rejection,  this  robust  behavior  is  the  preferred  design  approach. 


Unweighted  Relative  Frequency  Response  for  Optimal  Kva’s 

^ . - . 


PvA 

N/(m/s)  /  N/m 

Figure  8  Relative  Frequency  Response  of  a  20  Kg 

Absorber  for  Optimal  Kya’s  (—10,000  N/m)  versus  Rayliegh 
Damping  Pva’^- 
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5.3  Pole-Zero  Plots  in  the  Laplace 
Domain 


The  location  of  the  damped 
eigenvalues  and  zeros  in  the 
Laplace  domain  provides  insight 
into  the  dynamics  of  the  absorber 
modified  gun  system. 

Often  called  a  pole-zero 
map,  the  unmodified  system  is 
shown  in  Figure  9.  In  this  figure, 
the  first  four  bending  modes  are 
revealed  as  the  complex  conjugate 
“x”  pairs.  The  natural  coordinate 
units  for  the  imaginary  axis  are 
radians  per  time,  but  I  have  scaled 
this  axis  to  display  in  the  more 
familiar  cyclic  frequency  of  Hertz. 

The  polar  grid  correlates 
damped  frequencies  to  their  natural 
(undamped)  counter  parts  by  the 
arc’s  of  constant  radius. 

The  critical  damping  ratio, 
C,  for  each  mode  is  revealed  by  the 
angular  displacement  off  of  the 
imaginary  axis.  Each  radial  line 
represents  20%  increments  of  the 
critical  damping,  from  zero  at  the 
imaginary  axis  to  100%  along  the 
real  axis. 


First  Four  Modal  Eigenvalues  of  Constrained  XM291 


It  is  important  to  realize  Figure  9  Pole-Zero  Plot  in  Laplace  Domain  of  Unmodified 

that  roots  in  this  domain  imply  that  Gun  System, 
the  denominator  of  the  transfer 

function  goes  to  zero  as  these  roots  are  approached.  This  leads  to  unbounded  response  at  these 
locations;  thus  the  term  “pole.” 


Conversely,  the  zeros  of  the  transfer  function  are  depicted  by  the  “o”  marks.  At  these 
locations,  the  transfer  function  numerator  is  zero,  nullifying  any  response  from  the  system  at  these 
locations. 

The  effect  of  these  values  on  the  frequency  response  occurs  along  the  imaginary  axis,  where 
the  real  parts  of  the  Laplace  domain  “s”  variables  are  zero.  As  a  surface,  the  transfer  function  along 
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the  imaginary  axis  closely  mimics  the  response  of  the  poles  and  zeros  that  near  to  it.  Thus  in  Figure 
9,  the  nearby  location  of  the  eigenvalue  located  at  6.8  Hz,  effects  a  spike  in  the  frequency  response 
function  as  was  seen  in  Figure  4  and  Figure  5.  Since  the  pole  is  not  coincident  with  the  imaginary 
axis,  the  spike  is  not  unbounded  as  would  be  expected  of  an  undamped  model. 

The  absorber  changes  the  pole  zero  map  by  introducing  a  new  degree  of  freedom,  and  its 
subsequent  poles  and  zeros. 

Figure  10  depicts  the  new  pole-zero  map  of  the  modified  gun  system.  The  20  Kg  absorber  has 
created  a  pair  of  conjugate  poles 
and  a  pair  of  conjugate  zeros.  The 
optimization  has  placed  the  new 
zeros  very  near  to  the  new  poles, 
with  a  slight  translation  to  a  higher 
frequency. 

The  absorber  pole  location 
is  nearly  coincident  with  the  natural 
frequency  that  the  absorber  would 
exhibit  if  it  were  constrained  to  a 
rigid  reference.  This  natural 
frequency  may  be  evaluated  as 
=  yjiKvAlMv^-  This  value, 
divided  by  2ti  radians  per  cycle,  is 
3.70  Hertz  for  the  absorber 
parameters  Mva  =  20  Kg  and 
Kva  =  10,800  N/m.  The  absorber 
pole  — ^located  near  3.5  Hertz —  is 
below  the  rigid  coupling  value  due 
to  the  relatively  high  barrel 
contribution  to  its  effective  inertia 
as  opposed  to  stiffness,  and  the 
modest  level  of  damping. 

The  close  proximity  of  the 
zero  to  the  pole,  largely  cancels  the 
response  of  the  pole.  However, 
since  the  zero  is  shifted  higher,  the 
pole  does  effect  a  small  increase  in 
response  towards  the  low  frequency 
side.  This  effect  may  readily  be 
seen  in  Figure  5  and  Figure  8. 

The  zero  subsequently 
reduces  the  response  of  the  system 
towards  the  higher  frequencies. 


First  Four  Modal  Eigenvalues  of  Modified  XM291 
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Figure  10  The  Pole-Zero  Map  of  the  Gun  Modified  by  an 
Optimal  20  Kg  Absorber. 
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especially  the  next  pole,  with  a  diminishing  effect  as 
the  input  disturbance  frequency  migrates  up  the 
imaginary  axis. 

Also  note  that  the  coupling  of  the  absorber 
has  slightly  increased  the  effective  stiffness  of  the 
original  first  mode  of  the  gun  system.  This  effect 
may  be  seen  as  the  shift  of  the  6.8  Hz  pole  in 
Figure  9  to  7.0  Hz  in  Figure  10. 

For  the  case  of  an  absorber  designed  with 
low  damping,  the  new  pole-zero  pair  becomes 
nearly  collocated  with  the  imaginary  axis,  resulting 
in  the  pronounced  spike  and  notch  effects  revealed 
by  Figure  8. 

5.4  Mode  Shape  Comparison 

The  mode  shapes  (eigenvectors)  of  both  the 
original,  and  the  20  Kg  absorber  modified  banels, 
were  evaluated  as  shown  in  Figure  11  and  Figure  12 
using  the  <eigen_2o.m>  file  as  developed  in  [6].  In 
both  cases  the  mode  shapes  are  mass  normalized. 

The  x’s  along  the  barrel  center  line  indicate 
the  node  locations.  The  external  coupling  at  the 
elevation  mechanism  and  the  trunnions  is  shown  by 
the  small  circle  around  the  x.  The  absorber 
deflection  in  Figure  12  is  depicted  by  the  circle 
— constrained  to  the  barrel —  by  the  thin  line. 

Figure  12  shows  the  nearly  decoupled  mode 
of  the  vibration  absorber  itself.  (The  flexure  of  the 
barrel  in  this  mode  shape  is  nearly  rigid  body.) 
Although  the  rather  large  deflection  of  the  absorber 
in  the  first  mode  would  normally  cause  concern,  the 
near  pole-zero  cancellation  shown  in  Figure  10 
largely  alleviates  this  problem.  The  first  mode  is 
essentially  coincident  with  the  notch  depicted  in 
Figure  5  and  Figure  8. 

6.  CONCLUSIONS 

Vibration  absorbers  present  the  opportunity 
to  reduce  the  receptance  of  gun  systems  to  terrain 
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Figure  12  First  Three  Mode  Shapes  and 
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induced  vibrations  using  a  simple  passive  mechanism.  The  design  methodology  presented  in  this 
paper,  both  optimizes  the  design  and  reveals  the  sensitivity  of  the  design  to  parametric  uncertainty  of 
the  absorber,  as  revealed  by  the  gradient  of  the  optimization  surface.  Optimization  within  a  high 
dimensional  parameter  space  has  been  enabled  by  the  identification  of  a  scalar  cost-function  in  the 
frequency  domain  of  the  system  that  is  readily  computed  within  the  MATLAB®  computing 
environment.  This  cost  function  may  be  adapted  to  disturbances  that  may  be  characterized  a  priori  via 
a  weighting  function  in  the  frequency  domain.  This  weighting  in  the  fi’equency  domain  is  equivalent 
to  convolution  in  the  time  domain  of  the  gun  system  with  the  approximated  disturbance  system. 

Evaluation  of  absorber  performance  has  been  examined  in  the  Laplace  domain  via  pole-zero 
plots,  frequency  domain  via  Bode  analysis,  and  using  eigen  techmques.  These  perspectives  verify  the 
advantages  of  designing  an  absorber  with  significant  damping  levels  to  avoid  undue  sensitivity  to 
modeling  and  parametric  uncertainties. 

Sensitivity  of  designs  that  are  low  in  damping  — to  slight  parametric  variations,  model 
uncertainty,  and  unmodeled  dynamics —  has  been  shown.  Also,  the  potential  advantage  of  the  notch- 
filter”  effect  of  such  designs  has  been  demonstrated  in  the  event  that  the  disturbance  may  accurately  be 
characterized  a  priori,  thus  justifying  significant  modeling  and  validation  efforts  to  reduce  the 
potentially  detrimental  uncertainties.  Terrain  induced  vibrations  are  unlikely  to  be  well  characterized, 
however,  undesirable  servo-control  dynamics  may  provide  a  candidate  for  this  type  of  approach. 
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The  genesis  for  Dr.  Simkin's  presentation  'Beating  the  Critical  Velocity  Problem'  is 
contained  in  ARDEC  Technical  Report  ARCCB-TR-92040,  'Criteria  for  the  Design  of  a 
Strain  Attenuating  Obturator',  T.E.  Simkins  &  M.  Leach,  Benet  Laboratories,  Watervliet, 
NY,  September  1992.  The  report  is  published  here  for  completeness  of  the  symposium 
proceedings  and  to  aid  accessability. 
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INTRODUCTION  AND  BACKGROUND 


Previous  pubUcations  by  Simkins  [1-3]  have  shown  good  agreement  between  measured  dyuamic  strain 
in  gun  tubes  and  those  predicted  by  critical  velocity  theory  when  the  projectile  veloa^  js  subcritical. 
Moreover,  even  thin-wall  theory  predicts  these  dynamic  strains  with  surprismg  accuracy.  However,  because 
critical  velocity  theory  ignores  end  effects  (an  infinitely  long  tube  is  assumed),  differences  _do  occur  between 
the  measured  and  predicted  strains.  These  are  most  easily  explored  via  fimte  clement  simulation,  whi<i 
are  assumed  to  more  closely  mimic  physical  reality.  For  the  purpose  of  exposing  the  basic  idea  behmd  such 
an  obturator,  however,  the  infinitely  long  and  uniformly  thin-walled  tube  traversed  by  a  movmg  pressure  at 
constant  velocity  is  most  convenient. 

SECTION  I  -  WALL  DEFORMATION  IN  A  GUN  TUBE  OF  INFINITE  LENGTH  (CRITI¬ 
CAL  VELOCITY  THEORY) 

Figure  1  shows  the  theoretically  predicted  radial  displacement  along  the  length  of  an  infinitdy  long  and 
uniformlv  thin-walled  gun  tube  caused  by  a  unit  pressure  step  moving  at  a  velocity  which  is  99%  of  the  critical 
value  i.e.  V  =  0.99 Ver-  The  displacement  values  have  been  normalised  with  respect  to  the  displacement  ^ 
calculated  from  the  Lame  formula  [4]  so  that  the  ordinate  can  be  labeled  the  dynamic  ampltficaiion.  The 
abscissa  f  measures  the  distance  from  the  leading  edge  of  the  step  so  that  the  deformation  appe^  constant  to 
an  observer  moving  along  with  the  step.  To  such  an  observer,  the  deformation  is  re^iscent  of  astatK  load- 
deformation  scenario.  This  equivalence  to  a  static  problem  (really  an  application  of  D  Alembert  s 
can  also  be  stated  mathematically.  Starting  with  the  differential  equation  of  motion  for  a  thin-walled  tube. 


||tn-fm^  =  (l-fr(x-yt)) 


(1) 


where  H  is  the  Heaviside  step  function: 


JI(x  -Vi)  =  0x  <Vt 


=  lx>  Vi 

In  this  equation,  w  is  the  radial  displacement  of  the  median  surface  of  the  cylinder  located  at  a  distance 
R  from  the  central  axis;  h  is  the  wall  thickness  and  is  assumed  small  compared  to  R;  m  =  ph  where  p  is  the 
mass  density  of  the  tube  material;  D  =  Eh^in{l  -  i/*);  E  is  Young’s  modulus  of  elasticity;  i/  is  Poisson  s 
ratio;  and  V  is  the  velocity  of  the  moving  pressure,  assumed  to  be  finite  and  constant. 

The  critical  velocity  derived  from  this  thin-wall  theory  is  given  by  the  expression: 


,2  _  _2_  lEhD 

phS  B? 


Equation  (1)  expresses  the  relationship  between  load  and  deformation  in  space  and  time.  Let  i  denote 
the  distance  from  the  moving  step  so  that  ^  =  x  -  Vi.  Substituting  this  transformation  mto  equation  (1); 

=  (2) 

Equation  (2),  since  it  lacks  the  time  variable,  can  be  viewed  as  a  siaiics  problem  in  the  space  variable 
The  solution  to  this  ‘statics’  problem  when  V  is  subcritical  is  [1]: 

W^,(^)  =  w/K  =  ^(-  cos  sin  c^)  -h  1,  ^<0  (3a) 
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ci  +  sin  c?),  ^  >  0  (3fc) 

c  =  d  =  A  =  VV^.^.  “d  =  EhtR?D.  K  =  R^Eh  approximates  the  Lame 

displacement  so  that  W,  represents  the  dynamic  amplification  caused  by  the  moving  step  of  pressure. 

WALL  DEFORMATION  CAUSED  BY  AN  ARBITRARY  LOAD  DISTRIBUTION 


Consider  a  moving  pressure,  /(O.  where  the  leading  edge  is  no  longer  a  step  but  any  function  su^ 
t>iat  ffOl  =  0  and  f(l)  =  l,f  <  — «■  Figure  2a  is  an  example  of  such  a  pressure  when  a  —  z.4.  i 
wall  deformation  Wj  caused  by  this  pressure  distribution  can  be  found  ^mg  the  ^ression  W,  a  ov^ 
To  show  this,  we  first  envision  a  staircase  approximation  to  /($),  as  shown  in  Figure  2b,  so  that  /(f)  is 
approximated  as  a  sum  of  step  distributions  each  of  magnitude  A/.-,  m  is  the  distance  of  the  leading  edge 
of  the  :•**  step  from  the  origin  f  =  0.  The  distance  between  the  leading  edges  of  two  successive  steps  is  then 
Aijj.  The  displacement  caused  by  the  t**  step  is  simply: 

lV.-  =  A/.W.(f  +  »7<) 

Because  of  the  linearity  of  Equation  (2),  N  such  displacements  can  be  summed  to  give  the  displacement 
caused  by  an  N-step  approximation  to  /(f),  i.e.: 

=  £  A/.W,(f  +  »?i)  =  E 

i=l  •=!  ' 

Taking  the  limit  of  this  sum  as  TV  — >•  oo  and  |At),-|  — ►  0,  results  in  the  integral: 

Wj=  r  riv)W.{(  +  r))dr,  (4) 

Jo 


The  simplest  /(f)  is  the  linear  function: 

/«)  =  -i 

Since  rj  increases  as  f  decreases; 

II 

P 

so  that 

II 

P 

Substituting  for  /'(j?)  in  Equation  (4): 

Wf 

=  r-W,(i  +  v)dv 

Jo  ° 

.  (5) 

The  integral  in  Equation  (5)  can  be  evaluated  numerically  once  values  for  all  parameters  have  been  chosen. 

NUMERICAL  RESULTS 


In  this  section,  the  response  to  a  moving  unit  step,  W,(f),  as  given  by  Equations  (3a, b),  is  compared 
with  that  due  to  the  ‘ramp-step’  lV>(f)  (Equation  (5)). 
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The  following  parametric  values  correspond  to  a  particular  60-mm  gun  tube: 

E  =  30.3  ♦  10®  psi  1/  =  0.3  h  =  0.12  in  p  =  7.365  ♦  10"^^^^’;^^^- 

iJ=  1.2411  in.  7  =  0.99Kcr 

Using  these  values,  W,{0  is  computed  using  Equations  (3a, b)  and  is  shown  as  a  dashed  curve  in  Figure 
3.  From  these  equation’s  the  “wavelength”  -  that  is,  the  distance  between  neighboring  maxima  -  is  2t/c  and 
computes  to  be  1.34  inches.  For  this  example,  this  is  the  value  also  chosen  for  a,  the  length  of  the  “ramp 
portion  of /(O*  The  integral  in  Equation  (5)  can  be  evaluated  numerically,  and  the  resulting  PV>(0  is  shown 
as  the  solid  curve  in  Figure  3.  The  reduction  afforded  by  the  ramp  is  dramatic. 

It  is  of  interest  to  know  the  effect  of  ramp  length,  a,  on  the  maximum  response  or  dynamic  amplification 
of  the  wall  displacement.  This  is  shown  in  Figure  4  -  a  plot  of  the  maximum  dynamic  amplification  resulting 
as  a  is  iterated  through  increasing  values  in  Equation  (5).  From  the  figure  it  can  be  concluded  that  the 
response  is  nearly  minimized  when  a  =  27r/c,  the  value  chosen  for  the  numerical  example  above. 


SECTION  n  .  FINITE  ELEMENT  SIMULATIONS 


The  critical  velocity  theory  employed  in  Section  I  assumes,  among  other  things,  a  tube  of  infinite  length. 
From  actual  field  measurements,  however,  the  most  severe  wall  strains  occur  at  or  near  the  muzzle  of  a  gun 
tube.  These  deformations  are  caused  by  reflections  of  the  travelling  wave  at  the  muzzle  which  superpose  with 
the  remainder  of  the  oncoming  wave,  at  times  reinforcing  to  create  higher  strain  maxima.  Predicting  these 
strains  via  critical  velocity  theory,  which  assumes  steady-state  conditions, is  not  possible  and  the  pheral 
procedure  is  to  resort  to  numerical  methods  such  as  finite  element  simulations.  While  such  simulations  do 
not  usually  lead  to  a  detailed  understanding  of  the  cause  of  the  high  strains  (closed-form  symbolic  solutions 
like  Equations  3a, b  are  not  generated),  they  are  useful  to  predict  the  strains  on  a  case-by-case  basis. 

The  finite  element  (ABAQUS)  model  used  in  this  study  is  depicted  in  Figure  5.  A  constant  ballistic 
pressure  in  the  form  of  either  a  step  or  a  ramp-step  enters  the  breech  end  of  a  60-mm  gun  tube  at  a  constant 
velocity  V  =  0.99Vcr.  The  sudden  appearance  of  this  high  velocity  step  of  pressure  at  the  breech  end 
initiates  a  transient  vibration  that  is  not  realistic  of  an  actual  firing.  Previous  work  [5]  shows  that  this 
transient  continually  interacts  to  give  higher  strain  maxima  at  certain  locations  along  the  tube  but  decays 
with  distance.  While  no  evaluation  of  this  effect  has  been  undertaken  for  the  ABAQUS  results  reported 
herein,  based  on  previous  experience  it  is  not  expected  to  be  a  major  one.  Its  influence  for  the  case  of  a 
ramp-step  of  moving  pressure  should  be  less  than  for  a  step. 

Figures  6a-d  compare  the  ABAQUS-computed  time  histories  of  the  radial  displacement  at  different 
points  along  the  bore  of  the  60-mm  tube  in  response  to  a  moving  step  and  a  moving  ramp-step  of  pressure. 
Figure  6a  shows  the  response  at  a  point  midway  aJong  the  tube,  i.e.,  twenty-four  inches  from  the  muzzle  and 
breech.  Here  the  maximum  displacement  caused  by  the  moving  step  is  estimated  to  be  3.3  (times  the  Lame 
displacement),  whereas  that  due  to  the  moving  ramp-step  is  only  1.22.  Since  this  location  is  considerably 
distant  from  the  ends  of  the  tube,  both  of  these  displacements  should  be,  and  are,  in  very  good  agreement 
with  those  predicted  by  critical  velocity  theory  (Figure  3  of  Section  I).  Figure  6b  compares  r^ponses  at  a 
point  only  0.24  inch  from  the  muzzle  end  and  shows  a  maximum  displacement  of  2.2  caused  by  the  moving 
step  vs.  1.40  caused  by  the  moving  ramp-step.  Figure  6c  compares  time  histories  at  a  point  which  is  0.12  inch 
from  the  muzzle.  The  corresponding  maximum  displacements  are  4.8  vs.  1.8.  Finally,  at  the  muzzle  itself, 
Figure  6d  shows  the  comparison  to  be  8.0  vs.  2.2.  (In  each  figure  the  time  of  passage  of  the  pressure  front 
coincides  with  the  abrupt  increase  in  displacement.  For  example,  in  Figure  6a  the  pressure  front  passes  this 
midlength  location  at  approximately  i  =  0.00052  sec.)  While  it  is  tempting  to  conclude  that  the  ramp-step 
will  always  cause  displacements  (and  hence  stresses  and  strains),  which  are  less  than  those  caused  by  the 
step,  finite  element  simulations  such  as  these  are  never  conclusive.  A  different  choice  of  location  along  the 
tube,  for  example  might  conceivably,  yield  opposite  results.  However,  from  the  solutions  obtained  by  the 
critical  velocity  theory  in  Section  I,  it  is  certain  that  at  a  sufficient  distance  from  the  ends  of  the  tube,  the 
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moving  ramp-step  always  causes  travelling  waves  of  lesser  amplitude  than  the  moving  step.  It  is  reasonable 
to  expect  that  the  reflections  of  these  waves  will  also  be  lower  in  amplitude. 


CONCLUSIONS 

Fronj  the  work  reported  herein,  it  is  apparent  that  dramatic  reductions  in  dynamic  strains  in  gun  tubes 
can  be  obtained  if  the  the  ballistic  pressure  rise  in  the  vidnity  of  the  projectile  can  be  made  lere  abrupt. 
It  is  hoped  that  practical  schemes  for  doing  this  are  possible.  One  idea,  roggested  by  Benet  Laboratona 
Director  Laurence  Johnson  [6],  proposes  an  obturator  band  that  has  increasing  wall  thickness  over  its  • 
The  inner  surface  of  the  obturator  would  receive  the  ballistic  pressure  and  expand  to  contact  the 
gun  tube.  The  pressure  applied  to  the  bore  by  the  obturator  could  then  be  brought  to  aero  over  the  length 
of  the  obturator  by  suitably  varying  its  wall  thickness. 
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